








FLUKE. 


From an 
amazingly low 


$4995! 


These NEW Fluke 
Thermal imagers help 
you locate and solve 
problems faster and are 
so affordable, you won't 
have to share! 


The Fluke Ti25 and Ті10 
Thermal Imagers detect 
problems in: 

e Electrical installations 

e Electro-mechanical equipment 
e Process equipment 


e And other industrial 
applications 


Fluke patent-pending IR- 

Fusion Technology provides 

a full thermal image, or one 

combined with a visual image 

that identifies exactly what 

you're looking at. 

e Small temperature differences 

and fine details are revealed 

on the large display 

Voice recorder notes for images 

e Store more than 3,000 basic 
thermal images 

e Withstands a 2 meter drop 


e Measure up to 350 °C (662 °F) 
with the Ti25 


The TilO and Ti25 thermal 
imagers, the ultimate tools for 
troubleshooting and maintenance 
for almost any application and 
budget! 


Full IR 


^ae 

a: 

: Fluke. Keeping your world 
up and running.* 








Request a demo and find out 
how thermal imaging can help 


IH-Fusion' | posce proniems fsier 
puts problems clearly 
in the ри cture ©2007 Fluke Corporation, Al rights изеп, 










ES INC. 


IPMENT SPECIALISTS 


Tomorrow's Solutions Today 
With CANADA'Ss largest on-site 


inventory 


e New/New Surplus/Rebulilt: 
Oilfilled/Dry Transformers 
* New Oilfilled "TLO" Substations 
* New S&C Fuses/Loadbreaks — 
* High. and Low Voltage 
e Vacuum/Gas Breakers 
* Air Circuit Breakers 
* Molded Case Breakers 
° Busduct-Busplugs 
e QMQB/Fusible Switches 
* HV Towers 
e Combination Starters 
* Emergency Service 
* Replacement Systems 
* Design Build Custom Systems 





1-877-842-9021 
WWW .lizcosales.com 





Versatile. Reliable. Certified. 


Leave the job with confidence with TTS™ Heat Tracing from ЗМ 


When it calls for pipe freeze protection, roof and gutter de-icing or frost 
heave protection, there is only one brand that can be trusted to handle 

it all: The versatile TTS™ Self Regulating Heat Tracing System from ЗМ. 
Fasy to use, proven in the field, Tested and Certified (CSA) to the highest 
Industry Standards (IEEE 515, 515.1). TTS™ Heat Tracing Cable is up to 
the task. Backed by expert support from 3M, you and your customers 
will never be left out in the cold. 


For more information on 3M™ Heat Tracing Systems, please 
contact your local 3M representative or call 1-800-3M-HELPS 





3M is a Trademark of 3M. Used under license in Canada. TTS is a trademark of Thermon. ЭМ 
Used with permission by 3M in Canada. 0703-СР-28484 Е ВА-08-12533 






























We have the products and know-how 
you need for planning, constructing 
and maintaining distribution lines. 
From simple hardware and tools to 
underground enclosures, sophisti- 
cated switching, protection, cable 

accessories and insulation sys- 
tems, we help you cut costs, save 
time and increase efficiency. 


With Hubbell, you deal with 
one vendor capable of supply- 
ing 75% of the procucts you 
need for distribution poles with 
product compatibility assured. 
And, we make doing business 
together easier than ever with 
one purchase order, coordinated 
delivery and overall lower pro- 
curement costs. 


For distribution, go no further 
than us. We have the products. 
The expertise. The support you 
need. Call us. We're Hubbell. 














UNITED STATES 
210 N. Allen * Centralia, MO 65240 
Phone: 573-682-5521 * Fax: 573-682-8714 
E-mail: hpsliterature 9 hps.hubbell.com 


MEXICO 

Av. Coyoacan No. 1051 * Col. Del Valle 
03100 Mexico, D.F. « Phone: 52-55-9151-9999 
Fax: 52-55-9151-9988 

E-mail: vtasdf € hubbell.com.mx 





S PCORE QUAZITE 


© Copyright Hubbell Power Systems 2008 





19-91 1/08 





Ее a lest o lower vae сс а ОНОО ее OE eT ancl Оо Process Ce в Ө Кы DIR [Exe eru em etes Ыс еа оета 


Measurement and fest Rental 


Field Experienced Sales Personnel 

Extensive In-Stock Inventory 

Guaranteed Complete and Lab Tested 

2417 Application Assistance and Technical Support 
Two-Day Transportation Allowance 


Unique in the Industry, Prolec does not Compete 
with Field Service Companies 


Prolec Equipment Resources is an independent provider of electrical 
measurement and test equipment for rental. Distinguished by efficient 
and effective service, we deliver what others only promise. 


For more equipment information or to request your Rental Resource Guide, 
contact 972.352.5550 or www.protecequip.com 


Electrical Maintenance 
Handbook Volume 8 








Published by The Electricity Forum 





The Electricity Forum The Electricity Forum Inc. 
215 -1885 Clements Road One Franklin Square, Suite 402 
Pickering, Ontario L1W 3V4 Geneva, New York 14456 
Tel: (905) 686-1040 Fax: (905) 686 1078 Tel: (315) 789-8323 Fax: (315) 789 8940 
E-mail: hg @ electricityforum.com E-mail: forum Q capital.net 


Visit our website at 


www.electricityforum.com 





Electrical Maintenance Handbook - Vol. 8 


ELECTRICAL MAINTENANCE 
HANDBOOK VOLUME 8 


Publisher & Executive Editor 
Randolph W. Hurst 


Editor 
Don Horne 


Cover Design 
Alla Krutous 


Handbook Sales 
Lisa Kassmann 


Advertising Sales 
Carol Gardner 
Tammy Williams 


The Electricity Forum 
A Division of the Hurst Communications Group Inc. 

All rights reserved. No part of this book may be reproduced without 
the written permission of the publisher. 
ISBN-978-1-897474-07-5 
The Electricity Forum 
215 - 1885 Clements Road, Pickering, ON L1W 3V4 


Printed in Canada 


© The Electricity Forum 2008 


Electrical Maintenance Handbook - Vol. 8 


TABLE OF CONTENTS 


Undrstanding Product Certification Marks and the Product Testing and Certification Process 
By Randall W. Luecke, President, CSA International............. ccce eese hrs 5 


Understanding Insulation Resistance Testing 
DY- AE MVC TUSTIN CLUS: ari e, we ates thc л Monet ea ec кк аы к ea Rn HUE dO dre aere qued coerente ic Ee LA CAN T E UE 9 


Why Calibrate Test Equipment? 
ВУШКО COPANO е оа аа ne СО ЛГ ООЛ ЛТ sex vais SA pp LL IEEE pe dat xdi Rae Saa arn 15 


Making Better Electric Field Measurements 
ОССЕ Se ae Ses 8 ТОГО ООС О ЛОТ КО О КОГО ЛО Л ice deus ЛЕ ОУ ГГ ТГ ТТТ 17 


Obtaining More Accurate Resistance Measurements Using the 6- Wire OHMS Measurement Technique 
By Thomas Schwertner, Applications Engineer, Keithley Instruments, Inc. ......... cssc 2] 


How Stray Voltage Affects Multimeter Measurements 
ОИК COPO Ol е ЛҮК О о euh ЛК ЛЛ К ГУ ia AS КТО ТУУ ГУ К a cubi ure ОО ero ufa bon 27 


Revised Engineering and Testing Practices Resulting From Migration to ТЕС 61850 
By Harold Fischer, Jeffrey Gilbert, and Greg Morton, PPL Electric Utilities Corporation; 
Michael Boughman and David Dolezilek, Schweitzer Engineering Laboratories, Inc. ................................ 20 


Resistance Measurements Three- and Four-Point Method 


T —————— КТ ОРУ ЛУ ОО ЛОО СО К Г ГС УСТ CURE ЛО ЛГУ О Ы e 37 
The Art of Measuring Low Resistance 
By dee Sheffer and Paul Lantz, ТОПе. р оаа а RR Ee et odo Eoo e жр е opu Lace Medo erac d YS 43 
What is Hipot Testing? 
By CIS SVSICMS C OFDU ОГОО УЛ О quc pa Vir T ГК а РТТ К epo КОЕТ s 47 
Magneto-Mechanical Measurements for High Current Applications 
By Jack Ekin, NIST — Electromagnetics Division 0... .0 0 rs 50 
Isolation Technologies for Reliable Industrial Measurements 
Бу NAMONGLINSIFUINCINS Corporation саз 1:05 Ae ntes Baie eh ah oes ОК Se Eu dese a 53 
Fall-of-Potential Ground Testing, Clamp-On Ground Testing Comparison 
Уу О Л@Й ТИ AINOIN HNO ао раз ius Bast Ok temas gessit Be сота ae oh eee tou Ue aen 58 
Inline Detection, Analysis Find Invisible Electrical Defects Faster 
By Michael Schmidt, Hyoung Kang and Larry Dworkin, FEI Co., Hillsboro, Oregon; Kenneth Harris 
and Sherry Lee, PDF Solutions, San Jose Set et paar hte Chet жи гы а ir ia eb ek Кккк Ккк c o Rae Ua Fees 60 
Who Sets the Rules for Electrical Testing and Safety? 
25328 41171022 СООРОТО ОДА ӨК RE ТЕО ТОТ ETT TET TACTO D T TR Г тосоод 64 
Comparative Corrosion and Current Burst Testing of Copper and Aluminum Electrical Power Connectors 
By Ron Frank, Eng., Member, IEEE, Canadian Copper and Brass Association and 
Chris Morton, PEng., Member, IEEE, Powertech Labs Inc. ........ eese eee 70 


Application of the EL CID Test with Circulating Currents in Stator Windings 
By David Bertenshaw, John Sutton, ADWEL International Ltd. ....... ccce eee 76 


4 Electrical Maintenance Handbook - Vol. 8 


Important Measurements That Support Infrared Surveys in Substations 
By Robert Madding, Infrared Training Center FLIR Systems, Ken Leonard, Carolina Power & Light and 
Gary L. Orlove, Infrared Training Center, FLIR Systems ......... ccce esee hh 82 


Use of an Isolation Transformer While Performing Line Leakage or Functional Run Tests 
BV ASSOCIGICA ОО КЕГШ ЖУО tr toos Л О ЛГ ЛЛ К О Г а ies dicic. ade wee 87 


Measuring Magnetic Fields Electric and Magnetic Fields 
By Australian Radiation Protection and Nuclear Agency .. 6. eee ee eee eens 89 


How the Loading of an AC/DC Transfer Standard Can Affect Your Measurements of AC Voltage and Current 
BV NOU OUI ICE eu Boot pedes eet iru Rura en xol hend a le a Dp Oe o hh uk died a мн BEA 91 


Electrical Maintenance Handbook - Vol. 8 


UNDRSTANDING PRODUCT CERTIFICATION MARKS 


AND THE PRODUCT TESTING AND CERTIFICATION 





PROCESS 


Randall W. Luecke, President, CSA International 


Every day, retail buyers, merchandising managers, quali- 
ty assurance managers and others in retail operations make 
important decisions about which products will appear on their 
stores’ shelves. While factors such as style or fashion trends, 
new technology, brand popularity, promotional support, and 
others can play important roles in the selection process, the 
presence of a certification mark from a qualified laboratory can 
be a key prerequisite of product acceptance. 

Product certification marks — such as the CSA mark, the 
CSA Blue Star, or the UL mark — are found on a wide range of 
products, including electrical and gas appliances, consumer 
electronics, plumbing products, water purification units, heating 
and ventilating equipment and lighting products. Although 
many retailers today require that certification marks appear on 
the products they sell, confusion remains about what certifica- 
tion marks mean, who is qualified to perform product testing 
and certification and issue the marks, and how testing and certi- 
fication organizations can assist retailers in protecting their cus- 
tomers, and their businesses, from products that don't meet 
accepted standards for safety and/or performance. 

If retail buyers and quality assurance managers do not 
have a clear understanding of the marks and the companies who 
issue them, it can prevent them from better assuring that the 
products in their stores meet applicable standards for safety 
and/or performance. And it may unnecessarily limit the products 
they make available to their customers, placing their stores at a 
competitive disadvantage. 


INDEPENDENT THIRD-PARTY TESTING PROTECTS 
RETAILER AND CONSUMER INTERESTS 


Product certification marks are the result of an independ- 
ent, third-party testing and certification process. As such, they 
provide credible evidence that products bearing them comply 
with applicable standards for safety and/or performance. 

Product certification marks must appear on products and 
may be included on product packaging. They differ from other 
product and packaging markings such as brand name or logo 
identification, marketing endorsements, promotional approval 
seals and similar markings that are directly controlled by the 
product manufacturer. 

Product certification marks provide clear evidence that a 
product has undergone independent, third-party testing and cer- 
tification performed by an accredited testing and certification 
organization (referred to in this article as a laboratory). Display 
of certification marks is not at the discretion of the product man- 
ufacturer. These marks may only be used on qualified products 
under license from the laboratory that tested the product and 


confirmed that it conforms to applicable national, international 
or other standards for safety and/or performance. 

To qualify for certification marks, manufacturers submit 
samples of their products to a testing laboratory. The laboratory 
evaluates these products under controlled conditions to deter- 
mine if they meet applicable standards. Only product designs 
that successfully pass all required tests are entitled to bear the 
laboratory's certification mark. These marks are a visible and 
credible indicator to retail buyers, quality managers and con- 
sumers that the products meet the requirements of the applica- 
ble standards. 

To ensure that the product continues to comply with the 
applicable standards over time, the laboratory conducts a series 
of unannounced, on-site inspections as mandated by the 
Occupational Safety and Health Administration (OSHA) for 
products sold in the U.S., and Standards Council of Canada 
(SCC) for products sold in Canada. 

If the laboratory finds that a product does not meet the 
requirements of the standards during these follow-up inspec- 
tions, corrective action is required which may include rework- 
ing, recalling and/or delisting the product. 


PRODUCT TESTING AND CERTIFICATION — THE 
STAKEHOLDERS 


Three stakeholder groups participate in the product test- 
ing and certification process (Figure 1): product manufacturers, 
standards developers and the laboratories. 

Product manufacturers are the companies that make the 
drills, refrigerators, grills, decorative lighting, heating and cool- 
ing systems, electrical and electronic equipment, as well as 
plumbing and other products sold by retailers, distributors and 
manufacturers. 

They must be aware of the applicable U.S., Canadian, 
and international standards when designing their products, and 
selecting the components and materials used in their products 
when manufacturing the products. 

Standards developers are the organizations responsible 
for creating the standards or facilitating standards development. 
Often, they are supported by technical committees that include 
representatives from government, industry, retailers, consumer 
groups, regulators and end-users affected by the standards. 
These organizations develop the standards for a particular prod- 
uct and work in cooperation with standards publishers. In the 
U.S., standards developers commonly delegate the responsibili- 
ty for publishing, maintaining, and distributing standards to 
organizations such as the American National Standards Institute 
(ANSI) the American Society for Testing and Materials 
(ASTM), CSA America, the National Sanitation Foundation 
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(NSF) and Underwriters Laboratories (UL). In addition, stan- 
dards developers are working together to produce harmonized 
standards. For example, tri-national (Canada, U.S. and Mexico) 
standards are developed through CANENA, the Spanish 
acronym for the Council for Harmonization of Electrotechnical 
Standards of the Nations of the Americas. Through standards 
harmonization, CANENA aims to increase opportunities for 
trade among the three countries. The standards are published 
jointly by the Canadian Standards Association in Canada, 
Underwriters Laboratories Inc. (UL) in the U.S. and Mexico's 
Asociación de Normalisación y Certificación del Sector 
Eléctrico (ANCE). 


Figure 1. Product Certification Process 
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The laboratories are independent organizations accredit- 
ed/recognized by various governmental or national organiza- 
tions to provide testing to national standards (e.g. OSHA, ANSI 
and Standards Council of Canada in Canada). These laborato- 
ries are hired by manufacturers to test their products and certify 
that the products meet the applicable standards. When a product 
is certified, the manufacturer is licensed to use the appropriate 
approval mark issued by the laboratory. The laboratory also 
makes available to the public a list of the products it has certi- 
fied. The services offered by the laboratories include testing and 
certification of the original product design (“prototype”) and 
regular follow-up inspections conducted at the factory where the 
mark is applied to the product to ensure that the products con- 
tinue to conform to the standards. 

In addition to operating offices and laboratories in the 
U.S. and Canada, to serve manufacturers with North American 
design and production operations, organizations such as CSA 
International have opened offices and established partnerships 
outside of North America to support the needs of manufacturers 
with global design and manufacturing centers or outsourcing 
arrangements. These same global partnerships often support 
retailers who require local inspection services to support direct 
sourcing of house or captive brands from offshore regions. 


UNDERSTANDING THE DISTINCT ROLES OF STANDARDS 
DEVELOPERS AND THE LABORATORIES 


It is important to understand the difference between the 
laboratories and standards developers. In some instances, sepa- 
rate divisions of the same organization are involved in testing 
products/issuing certification and in publishing the standards 
that the products are tested against. 

When an organization is involved in both standards pub- 
lishing and product certification, these activities are performed 
independently and separately to avoid conflicts of interest. 

Within CSA Group, for example, CSA America is 
responsible for publishing U.S. standards, the Canadian 
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Standards Association publishes standards for Canada, and CSA 
International is a North American product testing and certifica- 
tion organization. 

Sometimes the name (or a portion of the name) of an 
organization well known for its testing and certification activi- 
ties appears in the name of standards published by that organi- 
zation’s standards division (for example, UL standard 507 for 
electric fans, or CSA standard Z21.47/2.3 for gas-fired central 
furnaces). This does not mean that a product must be tested and 
certified by the company whose name appears on the standard. 
So-called “CSA standards", “NSF standards", “UL standards", 
and others, are available to all qualified and accredited testing 

laboratories for use in test- 
ing and certifying products. 


RECOGNITION AND 
ACCREDITATION MEANS 


Мапы, Tuy. CHOICES 
ESN Je nts 


A laboratory must 
be recognized or accredited 
to test a particular product 
and issue certification. 
Recognition/Accreditation 
means that the laboratory 
has proven that it possesses 
the necessary competence, 
capabilities, calibration and control programs, independence, 
and reporting and complaint handling procedures. In the U.S., 
OSHA recognizes laboratories as qualified to test electrical and 
gas products and to certify those that meet U.S. standards. 
OSHA-recognized facilities are known as Nationally 
Recognized Testing Laboratories (NRTLs). 

To receive U.S. recognition, a laboratory must submit 
application materials to OSHA. 

OSHA then performs an application review and an 
assessment review of the laboratory's organization, programs 
and test facilities. The preliminary findings are published in the 
Federal Register to allow public comment. Following a waiting 
period, OSHA publishes a second notification and responds to 
any comments. If the application is successful, this second 
notice signifies that the laboratory has been approved as an 
NRTL. CSA International and Underwriters Laboratories are 
two examples of OSHA NRTLs. Both of these organizations are 
considered equally qualified to perform testing of products cov- 
ered by their OSHA recognitions. 

АП NRTLs test products against the same sets of stan- 
dards, regardless of who wrote or published them. For example, 
since CSA International and UL are both NRTLs for electrical 
products, a floor lamp certified by one laboratory has success- 
fully met the same criteria as a floor lamp certified by the other. 

АП NRTLs also conduct unannounced follow-up inspec- 
tions to ensure that the products they certify remain in compli- 
ance with applicable standards. The frequency of these inspec- 
tions is set by OSHA guidelines; some NRTLs conduct more 
frequent inspections based on production volume, product lia- 
bility risk or manufacturer compliance history. 

In addition to OSHA, other accreditation bodies accredit 
laboratories as qualified to test electrical, gas and other classes 
of products for the U.S. market. These include ANSI, the 
International Accreditation Services (IAS)/International Code 
Council (ICC), the National Voluntary Laboratory Accreditation 
Program (NVLAP) and the American Society of Safety 
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Engineers (ASSE). 
THE PRODUCT TESTING AND CERTIFICATION PROCESS 


To begin the product testing and certification process, a 
product manufacturer requests a project estimate from one or 
more laboratories. Once the manufacturer receives the esti- 
mate(s), they choose a laboratory based on factors such as price 
and delivery time. 

The manufacturer then makes available to the laboratory 
product samples and data, such as a materials list, schematic 
diagrams, and information about the components used in the 
product. 

Upon successful completion of evaluation and testing, 
the manufacturer will receive confirmation from the laboratory, 
typically in the form of a descriptive and test report, which spec- 
ifies that the product does comply with the applicable require- 
ments. The product will then be publicly listed by the laborato- 
ry. The manufacturer can then label the product with the certifi- 
cation mark of the laboratory. The National Electrical Code pro- 
vides the following description of what it means for a product to 
be listed and labeled: 


Listed. Equipment, materials, or services included in a 
list published by an organization that is acceptable to the author- 
ity having jurisdiction and concerned with evaluation of product 
or services, that maintains periodic inspection of production of 
listed equipment or materials or periodic evaluation of services, 
and whose listing states that the equipment, material or servic- 
es, either meets appropriate designated standards or has been 
tested and found suitable for a specified purpose. 


Labeled. Equipment or materials to which has been 
attached a label, symbol or other identifying mark of an organi- 
zation that is acceptable to the authority having jurisdiction and 
concerned with product evaluation, that maintains periodic 
inspection of labeled equipment or materials and by whose 
labeling the manufacturer indicates compliance with appropri- 
ate standards or performance in a specified manner. 

Most laboratories, including CSA International, post 
directory listings on their websites, where any interested party 
can verify whether or not a particular product has been certified. 


WHAT THE MARKS MEAN 


Product certification marks are a visible indicator that a 
product or component meets applicable standards for safety 
and/or performance. Some of the marks issued by 
accredited/recognized laboratories and commonly found on 
products certified to applicable U.S. national standards are 
CSA, UL, NSF, ETL and TUV. Here are some example marks 
from CSA International and explanations of when they are used. 





The CSA mark indicates that a product meets applicable 
Canadian standards including those from CSA. 





The CSA US mark indicates that a product meets appli- 
cable U.S. standards, including those from ANSI, ASME, 
ASSE, ASTM, NSF, CSA America and UL. 





The CSA C/US mark signifies that the product meets 
applicable U.S. and Canadian standards, including those from 
CSA, CSA America, ANSI, ASME, ASSE, ASTM, NSF and 
UL. 





The CSA Blue Star, found on gas-fired products, demon- 
strates that they meet U.S. standards for gas-fired products pub- 
lished by ANSI and CSA America. 


d Wy \ 
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The CSA Blue Flame, found on gas-fired products, 
demonstrates that they meet Canadian standards for gas-fired 
products published by CSA. 


THE BENEFITS OF COMPETITION 


Because multiple laboratories have attained accredita- 
tion/recognition to test and certify various types of products, 
product manufacturers have the freedom and flexibility to select 
an accredited/recognized laboratory for a particular certification 
project based on factors such as delivery time, price and conven- 
ience. 

Since different laboratories test and evaluate similar 
products against the same standards, retail buyers can select 
products for their stores based on brand, price and quality, rather 
than who did the testing and evaluation. 

A competitive, open testing and certification marketplace 
helps manufacturers bring their products to market as quickly 
and economically as possible, while also ensuring that they are 
subjected to the testing called for by the applicable standards. 
This can help assure qualified products, competitively priced, 
will be available to retailers without shortages or backorder 
delays. 

Retailers can take advantage of this qualified competi- 


tion, and ensure access to the broadest possible selection of 
products, by ensuring that their product selection practices are 
not unduly restrictive. For example, a policy or practice that 
accepts products tested and certified by an accredited/recog- 
nized laboratory protects retailers and consumers against non- 
conforming products without placing unnecessary limits on 
product selection. 

In contrast, a purchasing policy requiring products certi- 
fied by a particular laboratory unnecessarily limits the range of 
options available to retail buyers. 

By becoming more familiar with the product testing and 
certification process, and taking advantage of the benefits 
offered by a competitive system of testing and certification, 
retailers can ensure that their customers have continued access 
to new and innovative products that meet their expectations for 
performance and safety. The competitive system also provides 
manufacturers options for cost, service and delivery. 
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UNDERSTANDING INSULATION RESISTANCE 


TESTING 


AEMC Instruments 


WHY HAVE AN INSULATION TESTING PROGRAM? 


A regular program of testing insulation resistance is 
strongly recommended to prevent electrical shocks, assure safe- 
ty of personnel and to reduce or eliminate down time. It helps to 
detect deterioration of insulation in order to schedule repair 
work such as: vacuum cleaning, steam cleaning, drying and 
rewinding. It is also helpful when evaluating the quality of the 
repairs before the equipment is put back into operation. 





WHAT CAUSES INSULATION FAILURE? 


Some of the more common causes of insulation failure 
include: excessive heat or cold, moisture, dirt, corrosive vapors, 
oil, vibration, aging and nicked wiring. What tests are used to 
detect insulation deterioration? There are numerous mainte- 
nance tests for assessing insulation quality. The three tests dis- 
cussed here are used primarily to test motor, generator and 
transformer insulation. 


WHAT EQUIPMENT IS NECESSARY FOR CONDUCTING 
INSULATION RESISTANCE TESTS? 


* Megohmmeter with a timed test function 

* Temperature indicator 

* Humidity meter (not necessary if equipment tempera- 
ture is above the dew point) 
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Test Currents in Insulation One Line Diagram 


Represents 
charging current 
Represents 
absorption 
current 
Represents 
volumetric 
leakage current 
(dielectric loss) 


21) 
= 
T 





TEST CURRENTS IN INSULATION 


Total current in the body of the insulation is the sum of 
three components 

* Capacitance Charging Current 

* Absorption Current 

* Leakage or Conduction Current 


INSULATION RESISTANCE READINGS 


Readings are time dependent 

* at the start, capacitance is what you see first 

* at or about one minute, absorption 

* at 10 minutes, reading is mainly leakage current 

These changing readings are best seen with analog bar- 
graphs on digital instruments or needle movement on analog 
instruments. 


SPOT READING TEST 
METHOD 


For this test, the megohmmeter is connected across the 
insulation of the windings of the machine being tested. A test 
voltage is applied for a fixed period of time, usually 60 seconds 
and a reading is taken. The spot reading test should only be car- 
ried out when the winding temperature is above the dew point. 
The operator should make a note of the winding temperature, so 
that it will be possible to correct the reading to a base tempera- 
ture of 20?C. 


TEST DURATION 


To obtain comparable results, tests must be of the same 
duration. Usually the reading is taken after 60 seconds. 


INTERPRETATION OF RESULTS 


Proper interpretation of spot reading tests requires access 
to records of results from previous spot reading tests. For con- 
clusive results, only use results from tests performed at the same 
test voltage for the same amount of time, and under similar tem- 
perature and humidity conditions. These readings are used to 
plot a curve of the history of insulation resistance. A curve 
showing a downward trend usually indicates a loss of insulation 
resistance due to unfavorable conditions such as: humidity, dust 
accumulation, etc. A very sharp drop indicates an insulation fail- 
ure. See Figure 1. 

Example of the variation of insulation resistance over a 
period of years: 

At A, the effect of aging and dust accumulation is shown 
by decreasing values. 

At B, the sharp drop indicates an insulation failure. 

At C, the insulation resistance value after the motor has 
been rewound. 


10000 —————^A^^A^^A——A—————————————— di 


1n ЕЕ 


ЗЕ 
ТОЦ 
Dulles шп 


P 9 


Reading in Megohms 


ШШЩ, 
Bunch 


IBEREREREEN.'NA 
HHHH H 


ИШИНИН ШШ 


LLO 
_ 1990 | 1997 | 998 — 


ДС 


mm eo а 


Date of Test 


Figure | 


Electrical Maintenance Handbook - Vol. 8 


(1) Dew point temperature is the temperature at which 
the moisture vapor in the air condenses as a liquid. 


TIME-RESISTANCE TESTING METHOD 


This method is fairly independent of temperature and 
often can give you conclusive information without records of 
past tests. It is based on the absorption effect of good insulation 
compared to that of moist or contaminated insulation. Simply 
take successive readings at specific times and note the differ- 
ences in readings (see curves, Figure 2). Tests by this method 
are sometimes referred to as absorption tests. 

Good insulation shows a continual increase in resistance 
(see curve D) over a period of time (in the order of 5 to 10 min- 
utes). This is caused by the absorption; good insulation shows 
this charge effect over a time period much longer that the time 
required to charge the capacitance of the insulation. 

If the insulation contains moisture or contaminants, the 
absorption effect is masked by a high leakage current which 
stays at a fairly constant value ? keeping the resistance reading 
low (К = ЕЛ) (see curve E). 

The time-resistance testing is of value because it is inde- 
pendent of equipment size. The increase in resistance for clean 
and dry insulation occurs in the same manner whether a motor 
is large or small. You can compare several motors and establish 
standards for new ones, regardless of their horsepower ratings. 

Figure 2 shows how a 60-second test would appear for 
good and bad insulation. When the insulation is in good shape, 
the 60-second reading is higher that the 30-second reading. 

A further advantage of this two reading test is that it gives 
you a clearer picture, even when a “spot reading” says the insu- 
lation looks ok. 

Time-resistance tests on large rotating electrical machin- 
ery - especially with high operating voltage - require high insu- 
lation resistance ranges and a very constant test voltage. A 
heavy-duty megohmmeter serves this 
need. Similarly, such an instrument is 
better adapted for cables, bushings, trans- 
formers, and switchgear in the heavier- 
duty sizes. 





Test Methods - Time-Resistant 
Tests Dielectric Absorption Ratio (DAR) 

* The ratio of 60 seconds/30 sec- 
onds 

* less than 1 = failed 

e 1.0 to 1.25 = ОК 

• 1.4 to 1.6 = excellent 

* Note: This is not a commonly 
used test 


STEP VOLTAGE TEST 
METHOD 


In this test, the operator applies 
two or more test voltages in steps. The 
recommended ratio for the test voltage 
steps is 1 to 5. At each step, test voltage 
should be applied for the same length of 
time, usually 60 seconds. The application 
of increased voltage creates electrical 
stresses on internal insulation cracks. 
This can reveal aging and physical dam- 
age even in relatively dry and clean insu- 
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lation which would not have been apparent at lower voltages. 


TEST DURATION 


A series of "steps," each step lasting 60 seconds. 


INTERPRETATION OF RESULTS 


Compare the readings taken at different voltage levels, 
looking for any excessive reduction in insulation resistance val- 
ues at the higher voltage levels. Insulation that is thoroughly dry, 
clean, and without physical damage should provide roughly the 
same resistance values despite changes in test voltage levels. If 
resistance values decrease substantially when tested at higher 
voltage levels, this should serve as a warning that insulation 
quality may be deteriorating due to dirt, moisture, cracking, 
aging, etc. 


10-minute reading 
1-minute reading 


The IEEE Std 43-2000 lists the following minimum val- 
ues for the polarization index for AC and DC 
rotating machines: 
Class A: 1.5 


Polarization Index (PI) = 


Class B: 2.0 Class C: 


2.0 
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Absorption curve of test conducted on 350 
HP Motor: Curve D indicates a good insulation 
with an excellent polarization index of 5. Curve 
E indicates a potential problem. The polarization 
index is only 140/95, or 1.47. 

(2) IEEE Std. 43-2000, “Recommended 
Practice for Testing Insulation Resistance of 
Rotating Machinery.” Available from the Institute 
of Electrical and Electronics Engineers, Inc., 345 
E. 47th St., New York, NY 10017. 


Reading in Megohms 
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BEFORE AND AFTER REPAIR: 


Curve F shows a downward trend of insulation resistance 
values as the test voltage is increased. This indicates a potential 
problem with the insulation. Curve G shows the same equip- 
ment after it has been repaired. 


UTILIZING THE GUARD TERMINAL 


The guard terminal is useful when measuring very high 
resistance values. 


WHAT TEST VOLTAGE SHOULD | USE? 


There are two schools of thought regarding the voltage to 
test insulation at. The first applies to new equipment or cable 
and can use AC or DC test voltages. 

When AC voltage is used, the rule of thumb is 2 x name- 
plate voltage + 1000. When DC voltage is used (most common 
on megohmmeters manufactured today) the rule of thumb is 
simply 2 x nameplate voltage except when higher voltages are 
used. See chart below for suggested values. 


пин пиш ши: ишы qq qr шш иш пшн шш IP LT 
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ci Pete d d F ү B d | B Jj p B d | H y P B d P B P b B Jd E H | [www lh 5 ТЕЕ | FH EH ТЕЕ j| b B [| b d b h T] 
NEEBEEHBEEBEENMENEHENHEENMBERBELABERNHESNBERNHEHHERBENHEENE 
ПИТТИ 
L a T HERR 
HLEHEH ELTE EE ELE TEE ELE EE EL EH E ШИ 
WU 

1 4 5 

Applied Voltage In kV 


ШЫНЧЫ EQUIPMENT /CABLE RATING 
ШИ 


24 to 50V 
50 to 100V 
100 to 240V 


Time in Minutes 
Figura 2 





440 to 550V 
2400V 
4100V 


DC Test Voltage 
50 to 100VDC 
100 to 250VDC 
250 to 500VDC 
500 to 1000VDC 
1000 to 2500VDC 
| 1000 to 5000VDC 
e 1o 
It is always advisable to contact the original 
equipment manufacturer to get their recommenda- 
tion for the proper voltage to use when testing their 
equipment. 
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The guard terminal 
is useful when 
measuring very 


Conductor insulation Shield Exposed ПОП resistance 
to to to Surince values. 

Line (-) Guard Earth (+ 

Termmnal — Terminal Тәти 
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ADVANTAGES OF DC TESTING 


* Lighter size and weight of 
test equipment 

* Non-destructive 

* Historical data can be 
compiled 


TRANSFORMER TESTING 


Transformers are tested at 
or above the rated voltage to be 
certain there are no excessive leak- 
age paths to ground or between 
windings. These are conducted 
with the transformer completely 
disconnected from the line and 
load. However, the case ground 
should not be removed. 


SINGLE-PHASE TRANSFORMER 


The following 5 tests and 
corresponding wiring diagrams 
will completely test a single-phase 
transformer. Allow at least 1 
minute for each test or until the 
reading stabilizes. 

a. High voltage winding to 
low voltage winding and ground 

b. Low voltage winding to 
high voltage winding and ground 

c. High voltage winding to 
low voltage winding 

d. High voltage winding to 
ground 

e. Low voltage winding to 


round 
THREE-PHASE TRANSFORMER 


The following 5 tests and 
corresponding wiring diagrams 


Single-Phase Transformer 


| a. Ph la g 
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will completely test a three-phase transformer. 

a. High voltage winding to low voltage winding and 
ground 

b. High voltage winding to ground with low voltage 
winding to guard 

c. High voltage winding to low voltage winding 

d. Low voltage winding to ground and high voltage wind- 
ing to guard 

e. High voltage winding to low voltage winding 


= = [mre lemna 


G = Guard Terminal 


dE = Earth Terminal 





CABLE TESTING 


Transformers are tested at or above the rated voltage to 
be certain there are no excessive leakage paths to ground or 
between windings. These are conducted with the transformer 
completely disconnected from the line and load. However, the 
case ground should not be removed. 

















Three-Phase Transformer 
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SINGLE CONDUCTOR 


Connect as shown in the diagram 

a. Conductor to Line (-) terminal and sheath to Earth (+) 
Multi-Conductor 

a. Single conductor 

b. One conductor to all 

c. One conductor to earth 

d. One conductor to others minus ground 


Grourel Shaath - angle condueter 
а ShgP conductor 


d Che consu йы Ж н. yound 
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sb» = Earth Tormnal - = {е Terminal G = Guard Terminal 





MOTOR AND GENERATOR TESTING 


Before testing the above, lift the rotor brushes, ground 
the starter terminal and frame and ground the motor shaft. 
Discharge the field winding by grounding, then remove the field 
winding from ground and connect to the (-) Line connection on 
the megohmmeter. Connect the (+) Earth terminal to ground. 
The diagram shows the connection for testing the field insula- 
tion resistance. The stator winding may also be measured in a 
similar manner. 
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WHY CALIBRATE TEST EQUIPMENT? 


Fluke Corporation 


You're serious about your electrical test instruments. You 
buy top brands, and you expect them to be accurate. You know 
some people send their digital instruments to a metrology lab 
for calibration, and you wonder why. After all, these are all elec- 
tronic — there's no meter movement to go out of balance. What 
do those calibration folks do, anyhow — just change the bat- 
tery? 

These are valid concerns, especially since you can’t use 
your instrument while it’s out for calibration. But, let’s consid- 
er some other valid concerns. For example, what if an event ren- 
dered your instrument less accurate, or maybe even unsafe? 
What if you are working with tight tolerances, and accurate 
measurement is key to proper operation of expensive processes 
or safety systems? What if you are trending data for mainte- 
nance purposes, and two meters used for the same measurement 
significantly disagree? 


WHAT IS CALIBRATION? 


Many people do a field comparison check of two meters, 
and call them “calibrated” if they give the same reading. This 
isn’t calibration. It’s simply a field check. It can show you if 
there’s a problem, but it can’t show you which meter is right. If 
both meters are out of calibration by the same amount and in the 
same direction, it won’t show you anything. Nor will it show 
you any trending — you won't know your instrument is headed 
for an “out of cal" condition. 

For an effective calibration, the calibration standard must 
be more accurate than the instrument under test. Most of us have 
a microwave oven or other appliance that displays the time in 
hours and minutes. Most of us live in places where we change 
the clocks at least twice a year, plus again after a power outage. 
When you set the time on that appliance, what do you use as 
your reference timepiece? Do you use a clock that displays sec- 
onds? You probably set the time on the *digitschallenged" appli- 
ance when the reference clock is at the "top" of a minute (e.g., 
zero seconds). A metrology lab follows the same philosophy. 
They see how closely your “whole minutes" track the correct 
number of seconds. And they do this at multiple points on the 
measurement scales. 

Calibration typically requires a standard that has at least 
10 times the accuracy of the instrument under test. Otherwise, 
you are calibrating within overlapping tolerances and the toler- 
ances of your standard render an “in cal" instrument “out of cal" 
or vice-versa. Let's look at how that works. 

Two instruments, A and B, measure 100V within 1%. At 
480V, both are within tolerance. At 100V input, A reads 99.1 V 
and B reads 100.9V. But if you use B as your standard, A will 
appear to be out of tolerance. However, if В is accurate to 0.1%, 
then the most B will read at 100V is 100.1 V. Now if you com- 
pare A to B, A is in tolerance. You can also see that A is at the 
low end of the tolerance range. Modifying A to bring that read- 


ing up will presumably keep A from giving a false reading as it 
experiences normal drift between calibrations. 

Calibration, in its purest sense, is the comparison of an 
instrument to a known standard. Proper calibration involves use 
of a NIST-traceable standard — one that has paperwork show- 
ing it compares correctly to a chain of standards going back to 
a master standard maintained by the National Institute of 
Standards and Technology. 

In practice, calibration includes correction. Usually when 
you send an instrument for calibration, you authorize repair to 
bring the instrument back into calibration if it was “out of cal". 
You'll get a report showing how far out of calibration the instru- 
ment was before, and how far out it 1s after. In the minutes and 
seconds scenario, you'd find the calibration error required a cor- 
rection to keep the device "dead on", but the error was well 
within the tolerances required for the measurements you made 
since the last calibration. 

If the report shows gross calibration errors, you may need 
to go back to the work you did with that instrument and take 
new measurements until no errors are evident. You would start 
with the latest measurements and work your way toward the ear- 
liest ones. In nuclear safety-related work, you would have to 
redo all the measurements made since the previous calibration. 


CAUSES OF CALIBRATION PROBLEMS 


What knocks a digital instrument “out of cal”? First, the 
major components of test instruments (e.g., voltage references, 
input dividers, current shunts) can simply shift over time. This 
shifting is minor and usually harmless if you keep a good cali- 
bration schedule, and this shifting is typically what calibration 
finds and corrects. 

But, suppose you drop a current clamp — hard. How do 
you know that clamp will accurately measure, now? You don't. 
It may well have gross calibration errors. Similarly, exposing a 
DMM to an overload can throw it off. Some people think this 
has little effect, because the inputs are fused or breaker-protect- 
ed. But, those protection devices may not trip on a transient. 
Also, a large enough voltage input can jump across the input 
protection device entirely. This is far less likely with higher 
quality DMMs, which is one reason they are more cost-effective 
than the less expensive imports. 


CALIBRATION FREQUENCY 


The question isn't whether to calibrate — we can see 
that's a given. The question is when to calibrate. There is no 
"one size fits all" answer. Consider these calibration frequen- 
Cies: 

e Manufacturer-Crecommended calibration interval. 
Manufacturers' specifications will indicate how often to cali- 
brate their tools, but critical measurements may require differ- 
ent intervals. 
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* Before a major critical measuring project. Suppose you 
are taking a plant down for testing that requires highly accurate 
measurements. Decide which instruments you will use for that 
testing. Send them out for calibration, then *lock them down" in 
storage so they are unused before that test. 

* After a major critical measuring project. If you reserved 
calibrated test instruments for a particular testing operation, 
send that same equipment for calibration after the testing. When 
the calibration results come back, you will know whether you 
can consider that testing complete and reliable. 

* After an event. If your instrument took a hit — some- 
thing knocked out the internal overload or the unit absorbed a 
particularly sharp impact — send it out for calibration and have 
the safety integrity checked, as well. 

* Per requirements. Some measurement jobs require cal- 
ibrated, certified test equipment — regardless of the project 
size. Note that this requirement may not be explicitly stated but 
simply expected — review the specs before the test. 

* Monthly, quarterly, or semiannually. If you do mostly 
critical measurements and do them often, a shorter time span 
between calibrations means less chance of questionable test 
results. 

* Annually. If you do a mix of critical and non-critical 
measurements, annual calibration tends to strike the right bal- 
ance between prudence and cost. 

* Biannually. If you seldom do critical measurements and 
don't expose your meter to an event, calibration at long frequen- 
cies can be cost-effective. 

* Never. If your work requires just gross voltage checks 
(e.g., “Yep, that's 480V”), calibration seems like overkill. But 
what if your instrument is exposed to an event? Calibration 
allows you to use the instrument with confidence. 
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MAKING BETTER ELECTRIC FIELD MEASUREMENTS 


Steve King 


Electromagnetic field probes (field sensors) have become 
an indispensable tool for engineers performing EMC measure- 
ments and tests. First introduced commercially in the 1980s, 
they are now a common item in test labs worldwide. 

The subject of this article is the factors involved in selec- 
tion and use of the electric field (E-field) probes typically found 
in the feedback loops of immunity test setups, and anywhere 
else field strength values need to be measured. 


UNDERSTANDING THE DIFFERENCE BETWEEN PROBES 
AND ANTENNAS 


While, in a broad sense, probes can be thought of as 
antennas, they are different than most antennas in a number of 
aspects. Generally speaking, antennas are designed to transmit 
or receive electromagnetic signals or power with maximum cou- 
pling to the electromagnetic field. As a result, antennas typical- 
ly perturb the electromagnetic field. Probes, on the other hand, 
are designed to measure the electromagnetic field with minimal 
field perturbation. To accomplish this, they should be as physi- 
cally and electrically small as practical for the application, so 
coupling with the field of interest is minimized. E-field probes 
usually use an electrically small dipole coupled with a diode as 
a sensor. The diode and conditioning circuitry present a high 
impedance load to the probe's dipole, so little power is drawn 
from the received field. The combination of small size and a 
high impedance load minimizes the field perturbation. 

While not in the scope of this article, it's also worth men- 
tioning that trying to apply standard antenna calibration meth- 
ods to field probes can produce inconsistent results. IEEE 
Standard 1309 [1] should be used as a reference for probe cali- 
bration methods. 




















Example of an E-field probe being used in the feed -back loop of an immunity test system. 


ISOTROPIC PROBES 


For most EMC test applications, isotropic (non direction- 
al) probes are the best choice. They provide more accurate 
measurement and are less critical about their orientation in the 
field of interest. This results from the geometry of their con- 


struction. Three independent broadband sensing elements are 
placed orthogonally to each another in an X, Y, Z configuration. 
Each element's output is measured, the vector sum is deter- 
mined, and the result 1s the total field value. 

A three-axis probe allows you additional flexibility. 
Ordinarily, you'll simply program the probe to calculate and 
send you RMS values and then use this measurement to control 
the field inside a test chamber. However, you can program the 
probe to send you readings from each of the three axes. 

Using this data, you can then calculate field polarization 
as well as magnitude. 


ISOTROPIC DEVIATION 


Isotropic deviation (isotropy) is the specification that 
describes how well a probe measures field intensities irrespec- 
tive of the polarization of the field, or the probe's orientation. 
Lower is better. The best probes typically have an isotropic devi- 
ation of 0.5 dB (which is a uniformity of 6%) or less. 

Manufacturers typically specify isotropic deviation at a 
particular frequency, but this specification can be misleading, 
because the value given can be frequency dependent. Usually it 
increases (1.е., gets worse) as the frequency increases. 

You can minimize the effect of isotropic deviation on 
your test if you know the specifics of your test setup and take 
measurements separately from each of the probe's sensing ele- 
ments. 

For example, if you know the polarization of the field, 
you can position the probe so that one of the elements is aligned 
with the field. 

Measuring the field strength is then simply a matter of 
making a measurement from that element. The measurements 
from the other elements, which will be oriented perpendicular or 
end-on to the field, will tend to be very small and can usually be 
ignored. 


DYNAMIC RANGE AND LINEARITY 


Dynamic range is the maximum to minimum power level 
or field intensity that can be sensed by the probe over its speci- 
fied frequency range. 

Measurements are expressed in dB and represent a loga- 
rithmic power or voltage ratio. For example, a 10:1 field 
strength ratio is 20 dB. It's a good idea to check the manufactur- 
er's specifications against your requirements and make sure you 
have some headroom to prevent inaccurate readings due to com- 
pression. 

Linearity is a measure of how accurately the probe indi- 
cates actual values over its dynamic range. 

Manufacturer's specifications of x 0.5 dB are common. 
However, consider whether the specification is referencing the 
reading or the full scale. For example at 0.5 dB, if you're mak- 
ing a 1 V/m reading with a probe that has a 10 V/m range, and 


the linearity specification is referenced to the reading, then the 
maximum linearity error is 60 mV/m (6% of 1 V/m). On the 
other hand, if the specification is referenced to full scale, the lin- 
earity error is ten times that, or 600 mV/m. 


FREQUENCY RESPONSE 


A probe's response will not be perfectly flat across its 
entire frequency range. 

To compensate for this, manufacturers provide calibra- 
tion data for their probes. If the calibration contains many data 
points across the probe's frequency range, it will be easier to 
compensate for frequency variations with greater precision. 
However, if the calibration data provided is not sufficient for 
your application, you may have to pay extra to have the manu- 
facturer (or a third party) generate a more detailed frequency 
response plot for your particular application. The calibration 
factors can often be entered into the control program and fac- 
tored into the system measurement calculations. 





An isotropic E field probe compared in size with a double ridged horn antenna. Probes 
should be electrically and physically small to minimize field perturbance. 


RESPONSE TIME 


Typical EMC susceptibility tests call for sweeping the 
test signal across a specified frequency band. Because E-field 
probes are used in the control loop to regulate the field intensi- 
ty, their response time is a factor in how quickly you can sweep 
the test signal. 

Probes used should be able to sample more than 50 times 
per second. Faster response time will save time and let you fin- 
ish the test more quickly. At the highest sample rates (now in 
excess of 200 readings per second) the limiting factor may be 
the ability of the readout device or computer to accept and 
process the data. 

Of course, probe response time is not the only factor 
determining how fast you can sweep the test frequency. 

Other factors include the settling time of the signal gen- 
erators and amplifiers you use to generate the field. Take all of 
these factors into account when writing a test program to ensure 
that the field is stable before performing tests. 

If your application includes mode stirred testing in a 
reverberation chamber, sampling speeds greater than 50 times 
per second will be required. 

The reason is that you are not simply controlling the 
field, but also collecting data to verify that the field inside the 
chamber has the appropriate distribution of field strengths and 
approach angles. The faster you collect this data, the faster you 
can make this verification, and the shorter your test time will be. 
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Fast probes with sampling speeds exceeding 200 samples per 
second should be considered for mode stirred testing. 


MEASUREMENT RANGE 


For some applications, it’s important to use a probe with 
a single measurement range. In an environment with a constant- 
ly fluctuating field (such as a reverb chamber) changing ranges 
can be time consuming or impossible. 

Range changing effectively reduces the probe’s sample 
rate. If the length of the test is dependent on the sample rate of 
the probe, and significant range switching is involved, test times 
will increase. 


READOUTS 


Probe signal conditioning, control and monitoring func- 
tions and system interface can be accomplished by connecting 
with a personal computer or dedicated probe controller. Each 
method has its advantages. 

A dedicated probe controller usually manages the func- 
tions of one or more probes, and provides a GPIB (or other) 
interface port. The advantage of a dedicated controller is that the 
probes can continue to function even if the test system’s com- 
puter is down or unavailable. Another advantage is that the 
probes can be isolated from the rest of the equipment — a help 
when troubleshooting problems. If you plan on using a dedicat- 
ed controller, check to see that it can support the number and 
types of probe you plan to use, that it provides test system I/O 
using accepted conventions (i.e. GPIB, etc.), and that any soft- 
ware required is documented and supported. 

You may also choose to use a desktop PC or laptop com- 
puter as your probe controller. Make sure the computer you 
choose 15 sufficiently robust to process and store input from one 
or more of the type of probes you intend to connect. 

Bus speed will be important and should exceed the data 
transfer rate of your probes. This applies to the computer’s input 
ports (i.e. serial, USB) as well. 

Some probe manufacturers supply PC compatible soft- 
ware for their probes as well as drivers for GPIB, LabVIEW, etc. 
Check to be sure documentation and support are provided. 


POWER SOURCE 


Most E-field probes use batteries as their power source. 
The typical operating life of these batteries (before recharging 
or replacing) is approximately 8-10 hours. If your test exceeds 
that time frame, you'll need to recharge or swap your probe's 
batteries. 

This can become inconvenient for long duration tests, or 
if there are multiple probes located in out-of-the-way locations 
such as chamber ceilings, motor bay cavities, etc. 

To overcome these disadvantages, probes with external 
laser-driven power sources have been recently introduced. 

In laser-powered probes, laser light is piped from a laser 
source through fiber optic cable to the probe where it is convert- 
ed to electric power. While this technology is not entirely new, 
its application as a power source for E-field probes is. The 
advantage is that measurements can be made continuously with- 
out interruption, for a virtually unlimited length of time. 

The power sources for some laser-powered probes are 
physically large and require AC power. However, one manufac- 
turer has introduced a unit that is not much larger than an iPod 
and draws its power from the USB port of a PC. This makes 
remote field measurements using only a laptop PC, a practical 
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possibility. 
With current technology, laser powered field probes can 
be placed up to 100 meters from the power source. 





Replacing batteries with laser light as a power source overcomes replacement and recharg- 
ing issues, and allows testing to be performed over extended periods of time. The laser 
power sources are small and draw power from a PC USB port. 


SIZE MATTERS 


Small probes will perturb fields less than larger ones. A 
probe will begin to perturb fields when the dimensions of its 
housing approach ? wavelength of the frequency of interest. 
Some manufacturers have been able to miniaturize their probes 
by having the signal conditioning performed outside of the 
probe. If this is done properly, the size of the probe can be 
reduced without sacrificing accuracy. 

Another benefit of miniaturization is the ability to place 
probes in small confined spaces like the interior of equipment 
enclosures, small TEM Cells or bench top RF isolation cells. 
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CONCLUSION 


We've addressed a number of the factors involved in the 
selection, evaluation, comparison, and use of Efield probes. This 
survey is not exhaustive, but should provide a good basis on 
which to select, evaluate, and use E-field probes. 
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OBTAINING MORE ACCURATE RESISTANCE 





MEASUREMENTS USING THE 6-WIRE OHMS 


MEASUREMENT TECHNIQUE 


Thomas Schwertner, Applications Engineer, Keithley Instruments, Inc. 


INTRODUCTION 


The explosive growth in the computer, telecommunica- 
tions, and automotive electronics industries continues to drive 
efforts to minimize component size and speed high-volume pro- 
duction. This is placing similar demands on component manu- 
facturers. In the resistive devices market segment, discrete resis- 
tors continue to maintain a strong position, but resistor networks 
are growing rapidly because 
they offer high functionality 
while conserving precious 
PC board space. 

Manufacturers of 
resistors and resistor net- 
works are being asked to 
increase their productivity, 
while maintaining guaran- 
teed component accuracies. 
To meet these goals, resist- 
ance measurements must be 
performed in various stages 
of production as quickly as 
possible. 

Among the most trou- 
blesome problems manufac- 
turers encounter in electrical 
testing of resistors and resis- 
tor networks are the meas- 
urement errors caused by 
parallel resistance paths. 
Major sources of these errors 
include: 

* Adjacent resistive 
elements 1п a network, and 

* Contamination of the 
test probes and fixturing. 

Either of these prob- 
lems can lead to poorer prod- 
uct quality, lower yields, and 
ultimately, reduced manufac- 
turer profitability. This paper 
offers an overview of these 
measurement problems and describes how the 6-wire ohms 
technique electrically eliminates these fundamental sources of 
error. 


Figure 2: Axial resistor handler 


PARALLEL RESISTANCE PATHS CAUSED BY ADJACENT RESISTIVE ELEMENTS 


This problem occurs most frequently for manufacturers 
of “dual terminator’ networks used for SCSI terminator appli- 





Figure 1: An 8-pin dual-terminator network and its electrical equivalent. 





Conductive Plate... 


cations, high-frequency attenuators used in RF communica- 
tions, and impedance-matching circuits. In these types of com- 
ponents, the resistive element under test is shunted by other 
resistive elements, creating a “delta” or “loop” configuration. 
With ordinary test methods, a significant part of the test current 
will flow through all the other elements, producing a lower 
resistance reading than the actual resistance value. In most 
cases, it is not possible or 
desirable to break the loop 
physically in order to meas- 
ure the individual resistive 
elements. 

An 8-pin dual-termi- 
nator resistor network 
(Figure 1) will be used to 
illustrate this problem. Each 
resistor in this network is 
connected to a series resistor 
and to several series resistor 
loops in parallel. The elec- 
trical equivalent is a group 
of delta circuits (Figure 1, 
right.) Because of the effects 
of shunting resistances, the 
apparent value of adjacent 
resistors will be less than the 
resistance of each individual 
resistor element when using 
conventional measurement 
techniques. 
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PARALLEL RESISTIVE PATHS CAUSED 
BY CONTAMINATED TEST FIXTURING 


This type of measure- 
ment problem is most com- 
mon for manufacturers of 
high volume resistors and 
resistive devices that require 


precision tolerances. 
Typically, these resistive 
devices are assembled, 


labeled and tested using a 
high-speed handler. Over time, the lubricants used on the mov- 
ing parts of the handler and other processing equipment become 
dispersed to many areas of the production floor, including the 
test fixturing. This contamination causes resistive paths to form 
across the resistor under test. 

Figure 2 illustrates this problem, using an axial resistor 
handler as an example. These types of handlers offer through- 
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puts of more than 20,000 parts/hour. 

Over time, the dispersed lubricants will cause a conduc- 
tive film to build up across the two sides of the test heads 
probes, forming a bridge resistor. Eventually, the resistive value 
of this resistor in series could go as high as 100,000€2. When 
measuring a 10,0000 resistor, this would result in an additional 
error of about 9%. 

One way to eliminate the problem is to clean the test fix- 
ture frequently on a regular schedule. However, frequent clean- 
ing cycles may lead to excessive downtime and lower productiv- 
ity. An alternative would be to use a guarded text fixture. 
Guarding is achieved by splitting the insulator between the LO 
and HI side of the probes of the test head and placing a conduc- 
tive layer in between. This will electrically split the series resis- 
tor built by the contamination into two series resistors. The 
equivalent electrical model 15 equal to a three resistor delta con- 
figuration, similar to that shown in Figure 3. Once this is done, 
the guarded ohm technique can be employed to eliminate elec- 
trically the error caused by the contamination. This permits the 
use of longer cleaning cycles and helps maintains the productiv- 
ity of the test stand. 


APPLYING THE 6-WIRE OHMS TECHNIQUE TO SOLVE SHUNTING RESISTANCE 
MEASUREMENT PROBLEMS 


The 6-wire ohms technique builds upon the industry- 
standard 4-wire ohms measurement technique, enhancing its 
performance in these applications by eliminating the effects of 
any shunt resistance. Creating a 6-wire ohmmeter involves 
adding a low impedance guard buffer with sufficient drive cur- 
rent to a 4-wire ohmmeter. 


v.s а" Р a 


и сойыл j 
itt E ma Dam. Meme 





m = 
_@@= 
E] 
wi T AL 


Figure 3: Equivalent circuit when measuring R1 of the dual-terminator shown in Figure 1. 


As noted previously, both the cases described have a sim- 
ilar electrical equivalent, a circuit where three resistive elements 
are being connected in a triangular fashion. 

Figure 3 shows the electrical equivalent circuit when 
measuring resistor element R1 of the resistor network device 
shown in Figure 1. Related to the resistive path caused by con- 
tamination, R1 would be the resistor under test (RUT), while R2 
and RL would be the resistive equivalent of the contaminating 
film in Figure 2. 

The solution to this measurement problem is to “guard 
out” the parallel resistance electrically by forcing the voltage on 
the middle point of the two bridging resistors (R2 and RL) to the 
same potential as Source HI. No more current will flow through 
the series-parallel loop. The 6-wire ohmmeter guard buffer 
accomplishes this by forcing current through RL. 

From a technical perspective, the 6-wire ohmmeter guard 
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buffer is a unity-gain amplifier (op-amp) with a shunt resistor 
across the input, which will hold the voltage between its inputs 
and therefore, across the resistor (R2 in Figure 3), to nearly ОУ. 
In the technical literature, this technique is sometimes also 
referred to as a “voltage follower” technique. 

The level of current the Guard Output has to provide in 
order to guard out the series resistance built up in an automatic 
component handler's test heads, e.g., for axial resistors (Figure 
2) 1s fairly low, probably on the order of 0.5mA in the worst 
case. For networks with adjacent resistor loops, however, it 
might go as high as 50mA. At this current level, any lead resist- 
ance (the sum of cable, contact, and switch relay resistance) will 
cause a voltage drop, resulting in an additional error. To com- 
pensate for it, the Guard Sense terminal, which is essentially the 
inverting input of the amplifier, has to be connected to the same 
point as Guard Output. 

To summarize, a 6-wire ohmmeter takes advantage of an 
operational amplifier technique, the unity-gain circuit. With the 
provision of sufficient drive current, electrical guarding attains 
isolation of the resistor element under test, allowing for more 
precise measurements. 


PRACTICAL ASPECTS AND LIMITS OF GUARD BUFFER CIRCUITRY 


Traditionally, in electronics design, tradeoffs must be 
made between stability, speed, offset, and noise. Together, the 
sum of these tradeoffs determines the final accuracy of the 
instrument for a particular application. The guard buffer is no 
exception. The following discussion will deal with tradeoffs and 
errors the user must take into consideration when using the 
guarded ohms technique. 


GUARD BUFFER OFFSET 

An ideal operational amplifier will hold 
the voltage between the inputs to zero. 

However, with commercially-available op- 
amps, a small offset voltage always remains, 
which may range from a few microvolts to hun- 
dreds of microvolts. The small offset voltage gen- 
erates a current through the resistor (R2 in Figure 
3) between Guard Output and Sense HI. This cur- 
rent subtracts from the sourced or measured cur- 
rent and produces an error. The error can be cal- 
culated as: 

error = [Voffset /(R - Itest)] ? 100% 

R is the resistor between Guard Output 
and Sense HI (R2 in Figure 3) 

Itest is the measured or sourced current through the RUT 
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The formula shows that as R decreases, the error increas- 
es, whereas the error decreases as the test current increases. Two 
examples illustrating the use of this formula follow. One exam- 
ple calculates the additional error for a 180/390 dual terminator, 
while the other calculates the additional error contributed by the 
guard buffer for a 2M€Q axial resistor. 

Example 1 

The resistor under test is 390€), R = 180% and the test 
current ImA. Assuming a 20?V offset voltage, the error = 
0.011%. 

Example 2 

The resistance due to contamination is assumed to be 
100kQ and a test current is 107A. Assuming a 20?V offset volt- 
age, the error = 0.002%. 
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The above calculations show that the contributing error is 
directly proportional to the offset error of the guard buffer and 
inversely proportional to the shunt resistor between Guard 
Output and Sense HI. With the error in Example 1, a part with a 
specified tolerance as tight as 0.1% can be tested with good 
accuracy, while in Example 2, a part with 0.01% is still testable 
with sufficient accuracy. This assumes that the measure circuit 
does not contribute significantly to the error. Note: Always con- 
sider the guard error contribution to the total system error. 


NOISE AND STABILITY 


Any circuitry added to a measurement system will invari- 
ably add some noise. This is especially significant in applica- 
tions where high measurement rates (A/D integration rates 
lower than the line cycle frequency) are important, because 
additional circuitry will contribute to some degree to the meas- 
urement uncertainty. 

When designing a guard buffer circuit, a bipolar op-amp 
would be a desirable choice in order to minimize the noise. 
However, in a test system environment, the problem is that cable 
lengths of six feet or more are common. Under this circum- 
stance, bipolar amplifiers tend to oscillate, which would cause 
an equivalent DC component which, in turn, will cause a signif- 
icant error. To avoid this problem, a chopper-stabilized amplifi- 
er should be used for additional system stability, even though it 
will contribute additional noise. 

System noise is especially a problem in applications 
where higher repeatability is required. Modern 6-wire ohmme- 
ters allow users to adjust the measurement speed in multiples of 
the line cycle, and also offer digital filtering. These features 
make it possible for users to find the right measurement trade- 
offs for applications where higher repeatability is critical. 


INPUT BIAS CURRENT AND COMMON MODE REJECTION 


The 6-wire ohmmeter must have a fairly high input 
impedance (e.g., >1010@) in order to provide good 4-wire 
resistance performance, particularly in applications where sig- 
nificant lead resistance is expected. The non-inverting input of 
the guard buffer is connected to the Sense HI line and, therefore, 
adds to the input impedance. For this reason, an op-amp with an 
input impedance of >1011@ should be chosen. 

In applications where precision measurements are 
required, the common mode rejection ratio (CMRR) of the 
amplifier becomes critical. In the case of the guard buffer cir- 
cuit, a common mode voltage error will add to the guard buffer 
offset voltage, which will increase the total error. Assuming a 
80dB CMRR and a 2V signal level, the additional voltage error 
would be 200? V. With 100dB CMRR, the voltage error would 
be 20? V. Therefore, it's desirable to choose an op-amp with a 
CMRR greater than 100dB. 


GUARD OUTPUT CURRENT 


Operational amplifiers that can be used for designing a 
guard buffer typically have no more than 2mA output drive 
capacity. In general, this is enough to guard out any resistance 
due to contamination on a component test head. 

In fact, this technique is widely used in low current appli- 
cations such as leakage measurements. 

Electrometers and current sources usually provide a ter- 
minal for the xl buffer with drive currents up to 2mA. Even 
some precision multimeters offer a Guard Output. Guard 

Sense usually is not available on these meters. (See Ref. 
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] for information on a test configuration and instrument that 
makes all of these connections available.) 

Nevertheless, to provide a production test solution for 
parts like the dual terminator network in Figure 1, the drive cur- 
rent provided must be significantly higher. The load resistor 
between Guard Output and Source LO can go as low as 20Q. 
Given that relatively high voltage noise levels are inherent in a 
factory floor environment, it is desirable to adjust the source sig- 
nals at the highest possible level. The voltage across the load 
resistor is the same as that across the RUT. Assuming a voltage 
of 0.5V and a 20Q load resistor, the guard buffer has to deliver 
a 25mA guard current. To obtain this level of current, a booster 
stage must be added to the guard buffer. This booster stage is 
essentially a transistor stage, designed to increase the level of 
the guard drive to about 50mA . 


PROTECTION AND OVERLOADING 


In essence, the guard buffer is an amplifier with a boost- 
er stage, thus creating a voltage source with a remote sense line. 
In additional to preventing oscillation, it is good practice to pro- 
tect the guard buffer against overloading, electrostatic shock, 
and fly-back voltages. 

It is not uncommon for measure leads to get shorted or 
for a programming mistake to close a switch at the scanning 
mainframe, which produces a short, especially during the design 
phase of a measurement system. Electrostatic loads and voltage 
peaks are very common on a production floor, especially when 
long cables and switching systems are involved. 

To protect the guard buffer against shorts due to these 
problems, a series resistor and a fuse (preferably a thermal fuse) 
can be used. Peak voltage can be covered with protection 
diodes. The inverting input of the amplifier can be protected 
with a high value series resistor. 


CONNECTION POINTS OF THE GUARD BUFFER 


Once the guard buffer is designed, it must be tied into the 
rest of the circuitry to create the 6-wire ohmmeter. Figure 3 
illustrates the connections that must be made. The non-inverting 
input of the amplifier connects to the Sense HI lead, which is 
virtually current free. 

Connecting it to the Source HI Output would cause errors 
due to the voltage drop in printed circuit traces or elsewhere. 
The guard buffer ground reference connects to Source LO 
Output to provide the current return path for the amplifier. It 
does not connect to Sense LO, because the sense lines have to 
be held at zero amps. 


LIMITS ON GUARDED OHMS MEASUREMENTS 


At certain resistor ratios, there are some limitations on 
the use of the 6-wire ohms technique. Essentially, the theories of 
operational amplifier design apply, but there are two general 
limits. One limit is caused by the value of the Rshunt resistor 
between Guard Output and Sense HI and the other by the ratio 
of the load resistor (Rload) between Guard Output and Source 
LO and the RUT. 

When Rshunt approaches very low values, two things 
happen. First, the current caused by the offset voltage causes a 
high error. Second, positive feedback may occur. This positive 
feedback means that noise will be amplified and back-coupled 
into the circuit, causing an additional error. Also, additional set- 
tling time will be required. This is particularly true if the ohm- 
meter uses a constant current measurement method. 
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When the ratio between RUT and Rload becomes very 
high (e.g., 1000:1), the guard current drive capacity provided by 
a single booster stage might not be sufficient to drive enough 
current through Rload. It is possible to furnish a second booster 
stage in order to provide more current capacity for the guard 
buffer, but the component can only tolerate a limited amount of 
power. If the power becomes too high, the RUT will overheat 
and be damaged. 


SPECIAL CONSIDERATIONS FOR PRODUCTION TESTING 


In general, two resistance measurement techniques can 
be used: constant current or constant voltage. Modern resistance 
measurement instruments like digital multimeters use the con- 
stant current method, while the constant voltage method usual- 
ly is used in meters capable of measuring resistances of 108€2 
and higher. The following provides a brief description of both 
techniques and shows how the constant voltage method increas- 
es production throughput, while the constant current method 
allows achieving maximum accuracy. 


THE CONSTANT CURRENT METHOD 





Figure 4: Equivalent current source circuit 


The constant current method allows measuring resistanc- 
es from fractions of an ohm to values as high as 1GQ. In prin- 
ciple, a constant current source is a fixed level voltage source 
with a resistor of a high resistive value in series. An ideal cur- 
rent source has infinitely high output impedance. 

In a typical digital multimeter (DMM), the voltage is 
usually derived from the precision reference that the meter 
needs for the analog-to-digital conversion. The value of the 
series resistor can be determined very accurately and stored as a 
calibration constant. Given that a typical DMM is supplied with 
five to seven ranges, this consequently offers a very precise 
method to measure resistance. Digital multimeters with better 
than 0.005% basic resistance accuracy are available. 


THE CONSTANT VOLTAGE METHOD 


The constant voltage method is traditionally used in very 
high resistance measurements. A variable voltage source up to 
1000V is combined with a feedback ammeter to perform the 
measurement. An ideal voltage source has infinitely low output 
impedance. A feedback ammeter has virtually zero voltage bur- 
den across it. 

However, it is possible and desirable to apply this method 
for measuring resistances of less than 100Q. The lowest resist- 
ance range where this method is applicable is determined by the 
quality of the voltage source. Every voltage source has certain 
offsets. These offsets are temperature-dependent and usually 
stay constant in between subsequent measurements. 

Assuming a voltage source with an offset of 600?V and a 
RUT of 100, an error current of 607A would flow. Unless the 
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Figure 5: Ideal voltage source with ideal ampere meter 


current meter allows suppressing this error current, this would 
equal a 0.06% error with a 1V test voltage. A suppression option 
can significantly improve the accuracy. 


HOW TO CHOOSE BETWEEN THE METHODS 


It may not be obvious why one would choose to use the 
constant voltage technique rather than the traditional constant 
current technique. However, the demands of high throughput 
production testing may add other considerations. In general, the 
issue can be divided into two categories: 1) applications with 
precision requirements and/or medium measure speed, and 2) 
applications with medium or low accuracy requirements but 
very high measurement speed. 

In production test applications like testing precision 
wire-wound axial resistors or precision metal film resistors, the 
constant current technique is the best method, because it is pos- 
sible using commercially available high-performance digital 
multimeters. These DMMs offer base accuracies of better than 
0.01% at measurement speeds of 40 readings/second. 

In applications like testing high volume dual terminator 
resistor networks, a 6-wire ohmmeter that uses the constant 
voltage technique is best. In this type of application, the meas- 
urement system is coupled with a switching system in a matrix 
configuration. The throughput is very critical — the time spent 
in testing adds an expense that is directly proportional to the 
cost of the part. With modern 6-wire ohmmeters, throughput 
times of less than 4ms per network element can be achieved, 
while maintaining an absolute accuracy of 0.1% and a repeata- 
bility of better than 0.01%. 


HOW THE CONSTANT VOLTAGE METHOD IMPROVES THROUGHPUT 


The constant voltage method offers significant through- 
put improvements over the constant current method by minimiz- 
ing source and system settling times. The result is faster meas- 
urement cycles and, therefore, a higher parts per second ratio. In 
addition, sourcing voltage decreases the system's noise suscep- 
tibility at high reading rates. 

To explore the details of how the constant voltage tech- 
nique works, let's first discuss the influence of settling time, 
then the noise issues involved: 

Reduced settling time. In any measurement system, cer- 
tain delay times are inherent. The sum of the external cabling, 
switching systems, and common mode capacitance, which 
forms a parallel capacitance across the Source HI and Source 
LO outputs, also increases the required settling time. The capac- 
itive value of this *apparent" capacitor might go as high as 5nF. 

With the constant current method, the capacitor needs to 
be charged first, because it will appear initially as a virtual short. 
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It takes roughly seven times the time constant (RC) for the sig- 
nal to settle to 0.196 of its final value. For example, assuming a 
100kQ resistor under test, a 10uA test current, and a 5nF appar- 
ent parallel capacitor, it would take about 3.5ms for the signal to 
settle (ty | = 7-1; T= R-C; Ура = IV). 


The guard buffer will follow the voltage apparent on the 
Sense HI but will also contribute additional settling time. With 
low Rgpunt values, the guard will back-couple phase and level 
shifted voltage noise. Finally, at fast measurement rates, this 
will cause an additional error. 

One solution would be to add another guard to the sys- 
tem, which would drive the Sense and Source HI shield. In a 
switching application with multiple elements, it would add sig- 
nificantly to the cost of the system. The better solution is to use 
the constant voltage method. 

In sharp contrast to the constant 
current method, the settling time of a 
system using the constant voltage 
method is dependent on the slew rate of 
the voltage source. With slew rates on 
the order of 0.08V/us, in principle, it 
would take 12.5us to reach a 1V source 
value. In practice, the time is slightly 
longer. 

Noise. In the constant current 
method, a source with very high theo- 
retical output impedance is attempting 
to force a constant current through a 
resistance by varying the voltage across 
it in response to an error signal (noise). 
The guard buffer is attempting to con- 
trol a voltage on the other end of 
Келип Without regard to current flow 
through it. In. situations where the КОТ, Rshunt: and Rjoad 
become small in value (Rshunt < 10082, Voyarq/Rioad > 1 OmA, 
and RUT < 500€2), measurement noise will increase noticeably 
at subline frequency integration rates. The noise generated is a 
combination of periodic and random noise elements. 

By comparison, a constant voltage source with a low 
impedance output will clamp the voltage to the programmed 
value. The guard buffer follows to the same value minus its off- 
set voltage. By choosing a source voltage well above the noise 
floor, the energy of the error signal will not, in general, be suf- 
ficient to contribute significantly to the current flowing though 
the RUT. Therefore, the constant voltage method will result in 
more accurate resistance measurements. 


Ohmmeter side 


Guard 


Sense HI 
Source HI 
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PRACTICAL ASPECTS OF BUILDING A TEST SYSTEM 


The following section provides a practical overview on 
building a test system, particularly the wiring involved. In order 
to cover a wide resistance range, 4-wire connections are used. 
This section will focus on axial or chip resistors and resistor net- 
works. 


AXIAL OR CHIP RESISTORS 


Making the correct connections to the handler test head 
is crucial to successful measurements using the guarded tech- 
nique for single-resistor elements. The constant current method 
is used to ensure higher accuracy. Unlike measurements on 
resistor networks, no switching is involved in testing axial resis- 
tors, so only a single cable is needed. The best way to make the 
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-Shield connected to earth = 
Sense LO i < EJ 
Source LO i 
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connection is to use a 7-conductor cable, one of which 15 a outer 
shield. The other six connectors are two sets of twisted pairs, 
with each pair surrounded by its own shield. The connections to 
the 6-wire ohmmeter are made in pairs of HIs and LOs. It is 
always desirable to pair wires with nearly the same potential, to 
minimize loading and leakage effects. 

The shield around the Sense HI and Source HI pair is 
connected to the Guard Output. Guard Sense can be connected 
to Guard Output at the meter, because minimal current is flow- 
ing. The shield of the Sense LO and Source LO pair is connect- 
ed to earth ground. The outer shield is also connected to earth 
ground at the same point. To avoid forming ground loops, do not 
connect the other end of the cable to the earth ground of the 
device handler. 


Component handler side 


Test Head 





Outer Shield 
a Shield connected to guard — 


| | 









Source НІ 
7 Sense HI 
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Twisted pair with wdwigdual shield 


Figure 6: Proper connection scheme for axial or single chip resistors 


A common mode voltage and a common mode capaci- 
tance exist between Source LO and earth ground. In areas like a 
manufacturing floor, where the earth ground changes potential 
at fairly high peaks, this can induce error signals. It is important 
to note that Source LO should also be connected to earth ground 
as shown in Figure 6 to avoid additional errors. 

By connecting the guard to the shield around the HI pair, 
capacitive coupling and leakage between LO and earth are 
effectively avoided, thereby providing faster and more accurate 
measurements. Guard is also routed to the conductive plate of 
the test head or to the guard ring around the test probes. 


RESISTOR NETWORK DEVICES 


Resistor network devices contain multiple resistive ele- 
ments that must be tested. In general, this involves the use of 
switching hardware, so the connection scheme is not as straight- 
forward as that illustrated in Figure 6. Depending on the device 
and the application, large switching matrixes may be required. 
The following example for a 8-pin dual terminator device offers 
a glimpse of some of the connection issues involved. 

To test the dual terminator device shown in Figure 1, the 
switching scheme must be able to connect three pairs of connec- 
tions to each of the device pins. Source HI and Sense HI, 

Source LO and Sense LO, as well as Guard Output and 
Guard Sense must be switched to the individual device pins. 
Figure 7 shows a solution that could handle an 8-pin dual termi- 
nator device as well as a wide variety of other devices. 

In this configuration, the guard cannot be used to shield 
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Figure 8: Shielding scheme for resistor network applications 


the HI pairs. To provide proper shielding, choose a 
multiple-conductor cable with a good quality 
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RESISTOR NETWORK DEVICES 


Resistor network devices require a combined switching 
and measurement solution, so the overall throughput achievable 
is very dependent on both of these factors. The following table 
provides an overview of different test solutions. The base accu- 
racy obtained is 0.1% and the repeatability is better than 0.01%. 


| adn 8 ua Measure and Data Total Time & uf 
shield around it, like that shown in Figure 8. Elementi Binning "Transfer/ per Network. — Networks/ 
Through the use of the constant voltage method, Network (enc) Hündlér (кес) leer’ Нант 
parallel capacitance will not slow down the meas- — 
urement. However, if resistances higher than 1M_ б US ш 0.132 21.273 
must be tested to very tight tolerances, use the 8 04012 0.1 0.196 18.367 
wiring scheme shown in Figure 6 instead. g ami 0.1 0.260 13.246 
PRACTICAL SYSTEM SPEEDS AND ACCURACY CONSIDERATIONS 

This discussion will conclude with a quick overview of CONCLUSION 


system speed and how it will ultimately affect the parts per hour 
throughput. 


SINGLE RESISTOR ELEMENTS 


In situations where high volume precision parts are being 
tested and contamination may be causing error, the guarded 
measurement technique enables the ohmmeter to achieve its 
base accuracy. High performance ohmmeters, essentially preci- 
sion digital multimeters, make it possible to attain high reading 
rates without sacrificing the meter's base accuracy substantially. 
The table shows the correlation between the meter's measure- 
ment speed and throughput, assuming the system uses an auto- 
mated component handler capable of handling 50,000 devices 
per hour. 


Measurement Base 
speed in ms Accuracy — Deviceshour 
24 Шыгу 37,113 
R MODAS 45 (MX) 
3 0.0359 45,753 


The 6-wire ohms technique builds upon the industry- 
standard 4-wire ohms technique by adding a low impedance 
guard buffer to eliminate the effects of any shunt resistance 
causes by parallel resistance paths of the device under test and 
fixturing. 

Integrating the guard buffer into a 4-wire ohms measure- 
ment instrument creates a “6-wire ohmmeter" and makes it pos- 
sible to perform a variety of resistance measurements faster and 
more accurately than in the past. 

In addition, allowing precise control of the current source 
and/or voltage source when measuring ohms enables the user to 
compensate for induced errors such as noise, system capaci- 
tance, lead resistance, and offsets. The Vsource ohms method 15 
especially useful for minimizing settling times and, thus, 
increasing system throughput. 

These two measurement considerations are especially 
critical in the production of resistor networks and precision 
resistors, and should be considered when choosing a measure- 
ment instrument. 
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HOW STRAY VOLTAGE AFFECTS MULTIMETER 
MEASUREMENTS 


Fluke Corporation 


For most electrical measurements in the industrial envi- 
ronment, a high impedance digital multimeter or electrical tester 
is the appropriate tool. These test instruments have a relatively 
high-input impedance (>1 megohm), which means that when 
connected, they don't load the circuit under test. These test tools 
generally will not affect circuit operation or circuit measure- 
ments. 

On the other hand, low impedance test instruments can 
seriously load down a circuit under test and, in some cases, can 
adversely affect circuit operation and circuit measurements. 
This can happen with sensitive control circuits or in many elec- 
tronic circuits found within industrial machinery. 

However, even with a high impedance multimeter, there's 
still one confusing measurement situation that can occur in 
facilities or manufacturing plants. It's called stray or ghost volt- 
age, and it happens specifically when using a high impedance 
test instrument for day-to-day measurements. 

Stray or ghost voltages occur from capacitive coupling 
between energized circuits and non-energized, non connected 
adjacent wiring. Because of this coupling effect and the multi- 
meter's high impedance, it's not always possible to determine if 
the circuit under test is energized or de-energized, and this cre- 
ates confusion for the person performing the test. 








WHERE ARE STRAY VOLTAGES ENCOUNTERED? 


The most common place to encounter stray voltage is in 
unused cable runs or electrical wiring in existing conduit. When 
facilities or buildings are built and wired, it's very common for 
electricians to pull extra wire through the conduit for future use. 

These wires are typically left unconnected until needed, 
but are subject to capacitive coupling from the powered wires. 
Another example is an open ground or neutral on a 120 V 
branch circuit or in card cages where 120 volt control circuits 
are used to control assembly line or conveyor functions. 


WHAT DOES STRAY VOLTAGE LOOK LIKE? 


Generally, for most electrical measurements, a high 
impedance multimeter is the best tool, since you don't want the 
meter loading the circuit and affecting the circuit measurements. 
However, when dealing with capacitive coupling, a high imped- 
ance meter between ground or neutral to the unconnected cable 
or open connection will indicate some amount of voltage pres- 
ent. Typically this measured voltage reading may be as high as 
50 % of the energized voltage in the same proximity. 

Is this voltage real? Yes, it is, but it's a static voltage, con- 
taining no real energy or current flow. When it comes to deter- 
mining whether a circuit or connection is energized, this stray 
voltage reading presents a real source of confusion. Is the con- 
nection really hot or not? 





Ш: FLUKE TL225 STRAY VOLTAGE ADAPTER TEST LEAD 


The Fluke Stray Voltage Adapter Test Lead Set is an 
accessory that allows a high impedance multimeter to measure 
circuits, connections, cables or connectors subject to stray volt- 
ages. The adapter provides a low impedance load to the meas- 
ured circuit, desensitizing the meter to low energy, spurious 
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sources of interference. If the measurement points are energized 
with a hard voltage, the meter will simply display the voltage 
reading. If the measurement points contain a stray or ghost volt- 
age, the meter will read very close to zero volts, indicating the 
circuit or connection is not energized. 


WARNING 


The stray voltage adapter is designed to be used in con- 
junction with high impedance digital multimeters for measure- 
ments on power circuits, to help determine whether the circuit is 
energized or not. The adapter presents a 3 k load to the circuit 
under test and thus will dissipate any stray voltage present if the 
circuit is not energized. 

This adapter should not be used on low voltage control 
circuits or anywhere where the circuit under test could be 
adversely affected by this low impedance load. The adapter is 
designed to handle continuously applied power system voltages 
without damage, however proper use of this adapter is for inter- 
mittent use to determine whether a circuit is energized or not. 


SAMPLE MEASUREMENT SCENARIO 





Figure А 


Figure А is a normal reading for an energized 120 volt 
branch circuit between hot and neutral. This reading is dis- 
played on the meter with or without using the stray voltage 
adapter. 





Figure D 


Figure B is the measurement displayed with the high 
impedance DMM between neutral and an unconnected wire in 
the same conduit as a 120 volt branch circuit feed. Note the high 
impedance meter is displaying 33 volts. This is a capacitively 
coupled stray voltage reading. 
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FigueC 


Figure C is displaying the result of the measurement from 
Figure B when the stray voltage adapter is placed in the circuit. 
Note that the reading is now 13 millivolts or very close to zero 
volts, a non-energized connection. 


The low impedance presented by the stray voltage 
adapter dissipates the stray voltage. If the reading in Figure B 
was a hard voltage, the reading in Figure C would have been the 
same reading as in Figure B. 


SAFETY 


Testing for stray voltage is a measurement typically made 
for a short period of time, such as less than a minute. The stray 
voltage eliminator module contained within the TL225 test lead 
kit is designed to withstand a continuous application of 1000 
volts or less. The module has been tested to meet the IEC 1010- 
1 second edition CAT IV 600 V/CAT III 1000 V measurement 
category rating. 

On a more personal safety note: If you’ve ever doubted 
your multimeter readings, consider the environment you're 
working in. Does it contain the ingredients for capacitive cou- 
pling? If it does, and if you need to rely on hot-or-not readings, 
you may want to consider adapting your multimeter. Stray volt- 
age is confusing at best, and dangerous at worst. Don't be 
fooled! 
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REVISED ENGINEERING AND TESTING PRACTICES 





RESULTING FROM MIGRATION TO IEC 61850 


Harold Fischer, Jeftrey Gilbert, and Greg Morton, PPL Electric Utilities Corporation; Michael Boughman 
and David Dolezilek, Schweitzer Engineering Laboratories, Inc. 


Replacing hardwired connections with digital communi- 
cations over Ethernet requires new engineering and testing prac- 
tices. PPL Electric Utilities Corporation (PPL) recently 
designed, installed, and tested a new high-voltage substation 
using next-generation relay and control equipment. 

This next-generation substation (NGS) is based on net- 
worked Ethernet intelligent electronic devices (IEDs) communi- 
cating via IEC 61850. This article discusses the new technical 
design details of networking IEDs over Ethernet, but also, and 
more importantly, it discusses how engineering, installation, and 
testing practices had to change to accommodate the new tech- 
nology. PPL methodically replaced their previous protection 
and control design with a design that provides more functional- 
ity while migrating to IEC 61850 communications from multi- 
ple IED vendors. 

In the end, over 50 percent of the hardware, 60 percent of 
the hardwired connections, many disparate programmable 
devices, and several software programs were eliminated. New 
testing techniques were developed to test ІЕС 61850 communi- 
cations, and wiring drawings were replaced with GOOSE mes- 
saging tables so that test technicians could identify the end- 
points of the “virtual” wires. 

The NGS implementation required completely new com- 
munication design methods, IED configuration, verification 
testing, and system commissioning. This article describes PPL’s 
process of developing best engineering practices for substation 
protection, integration, control, monitoring, metering, and test- 
ing. A discussion of these engineering practices and how they 
evolved provides valuable insight to engineers considering 
using one or more of the IEC 61850 protocols for peer-to-peer 
protection and automation or client/server methods for integra- 
tion and automation. 

Lessons learned were associated not only with new tech- 
nology but also with new procedures, such as how test techni- 
cians selectively block signals that communicate over Ethernet 
without physically disconnecting the IED from the network. 
The paper also discusses PPL’s creation of a project team con- 
sisting of representatives from engineering, operations, stan- 
dards, and relay testing to collectively resolve concerns associ- 
ated with system testing, future expansion, and maintenance of 
this design. 


|. INTRODUCTION 


Previous PPL substation integration and automation sys- 
tems utilized redundant programmable logic controllers (PLCs) 
as the substation data concentrator. Using discrete input/output 
(I/O) interface modules, interposing relays, and serial commu- 
nications to IEDs via direct connection, substation information 
was collected by the “Substation” PLCs. The “Substation” 


PLCs would then pass this information to the SCADA RTU 
before the information was sent to the SCADA master. 

Rather than propagate the existing PLC-based design, 
PPL engineers developed an alternative that incorporated the 
existing IEDs and improved the integration and automation, 
while also simplifying the system architecture. The new design 
relies on several protocols within IEC 61850 to support peer-to- 
peer relay communications, human-machine interface (HMI), 
and SCADA connections. Fully utilizing the available I/O in the 
relays and other IEDs essentially replaces large amounts of cop- 
per contact and transducer wiring with a few communications 
cables. The result eliminates equipment and reduces configura- 
tion, installation, commissioning, and maintenance costs. 

However, this presents a new challenge. Although the 
new data acquisition methods promise to reduce the overall 
amount of labor, they also dramatically change the technology 
used for system configuration, installation, commissioning, and 
maintenance. These new technologies require new processes to 
provide an understanding of unseen data flow inside the com- 
munications network and a certainty that the protection and con- 
trol systems will operate properly. 


Il. PREVIOUS COMMUNICATIONS DESIGN OVERVIEW 


Prior to the new design, substations were designed with 
an integration architecture that included a combination of PLCs, 
direct-wired I/O modules, transducers, microprocessor-based 
relays, and other IEDs. A master “Substation” PLC passes 
remote controls issued from the SCADA master onto the “Вау” 
PLCs. The “Вау” PLCs pass on the SCADA commands to the 
protective relays, which, in turn, operate the substation appara- 
tus. The “Bay” PLCs collect breaker status, alarms, and other 
digital inputs. Metering quantities were collected from separate 
transducers, and relay target statuses were collected directly 
from the multiple connected relays. 

The “Substation” PLC concentrates the data from the 
“Bay” PLCs into a single database and passes data to the 
SCADA master using a single serial Modbus® protocol connec- 
tion. 

Because the PLC-centric design required extensive I/O 
wiring, interposing relays, additional protocol modules, and 
configuration expertise, PPL engineers initiated a program to 
investigate alternatives. 

PPL eventually developed the following design criteria 
for their new substation IED network architecture: 

e Eliminate the PLC, and reduce the number of program- 
mable devices. 

* Reduce I/O wiring. 

* Utilize data within existing protective relays. 

* Use communications wherever possible to collect 
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SCADA data. 

* Apply protective relays to implement local automation. 

* [mplement new fiber-optic network communications 
systems for HMI, SCADA, and engineering access. 

* Provide integrated network communications compati- 
ble with the existing online SCADA master. 

* Ensure that the integration and automation system is 
compatible with the two different relay vendors. 

* Eliminate the stand-alone sequential events recorder 
(SER) device and metering transducers. 


Ill. BUSINESS CASE OVERVIEW 


PPL found that they were able to achieve a number of 
subjective benefits by applying the new design. Specifically, the 
application of programmable “smart” digital relays and interop- 
erable communications protocols provided the following bene- 
fits: 

e Smart relays may be programmed to perform both con- 
trol and protection functions, eliminating the need to install and 
maintain several devices. 

* The use of industry-standard protocols, such as IEC 
61850 and DNP, facilitates communication between relays and 
other manufacturers' devices and permits the application of the 
most cost-effective hardware. 

* The same hardware design can be applied to various 
substation arrangements and voltage classes, reducing time for 
engineering and testing. 

* The utility has the option of developing software and 
performing system integration either in house (to acquire and 
maintain expertise) or through contractors (when in-house engi- 
neering resources are committed to other projects). 

* Panel space requirements are minimized because there 
are fewer "boxes" to mount on panels. 

* Wiring from circuit breakers to panel terminals may be 
kept the same as the previous generation design. 

Future designs can replace the wiring between the device 
and panel terminals with digital communications paths without 
impacting the new network IED design. 

* From a physical viewpoint, relay replacement requires 
the rearrangement of only a small number of external wiring 
connections. Programming and settings changes may also be 
required. 

e Substation engineers are generally more comfortable 
developing relay software than computer software because they 
are accustomed to working with relays. 

* The NGS design is less complex than the prior PLC- 
based design. 

These benefits directly impact the system’s installation 
and life-cycle costs. Costs for the in-service station, using this 
new design, are not available for publication. However, a recent 
study compared system installation costs for the protection and 
control of a three-breaker, ring-bus switchyard based on the pre- 
vious PLC-centric design and the new NGS relay network 
design. These results are summarized in Table I. 

The installation cost for the first three-breaker, ring-bus- 
type substation design using the NGS design 15 greater than the 
cost of the previous PLC design. This is due to higher costs of 
the following: 

e Training engineers, test technicians, and system opera- 
tors. 

* Developing standards, software, and test procedures. 

* Documenting hardware and software. 
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TABLE | 
THREE-BREAKER, RING-BUS SWITCHYARD INSTALLATION COST COMPARISON 


These increased costs are partially offset by savings in 
the following areas: 

* Hardware costs are lower because many of the devices 
needed in the previous design are no longer required. 

These functions are now performed in the relay. 

* [nstallation and wiring costs are lower because there are 
fewer wire connections. 

* Testing costs at the site are lower because there are 
fewer hardware devices and associated connections. 

* Engineering and drafting costs are also reduced for the 
same reasons. 

The cost of installing the new NGS design for subsequent 
projects is significantly lower than the cost of using the PLC- 
centric design. Engineering, drafting, software, and develop- 
ment costs are expected to be significantly lower than for the 
initial project, and most of the nonrecurring work is already 
complete. 


IV. IMPLEMENTING NEW TECHNOLOGY WHILE MAIN- 
TAINING EXISTING WORK METHODS 
A. HMI DEVELOPMENT 

Existing standards within PPL utilize an in-house devel- 
oped HMI system. The HMI interfaces with “Substation” PLCs 
via Modbus Plus to populate and animate the customized views. 
In order to ensure that the operators and engineers would adopt 
the existing HMI screens, a great amount of teamwork went into 
the process. This made it imperative that the new NGS HMI 
maintained the same look and feel as the previous PLC-based 
HMI, while manufacturing messaging service (MMS) became 
the data-update mechanism in the NGS. The new HMI develop- 
ment was planned so that it could be utilized at existing, new, or 
future substation designs, regardless of the protocols or mixture 
of protocols on the network. 

In the end, PPL was successful in reusing much of the 
previous HMI development. A new HMI OPC (object linking 
and embedding for process control) interface was created so that 
existing HMI template views could be preserved and reused. 
Rather than associating the HMI value fields with a member of 
an incoming protocol map, OPC tags were used. 

OPC is essentially the method by which protocol soft- 


Electrical Maintenance Handbook - Vol. 8 


ware and HMI software communicate to one another within the 
PC. 

Any software that interfaces with OPC, such as Modbus, 
DNP, or IEC 61850 MMS protocol applications, can now update 
HMI tags. Now, this HMI design will support any of the proto- 
cols PPL chooses to use in the future. The OPC interface to the 
HMI supports the use of multiple protocols simultaneously as 
well. 

The PPL HMI system was developed in house using 
Microsoft Visual Basic and tools from an OPC automation inter- 
face. The program was built around modular Microsoft ActiveX 
controls designed for each device. This provided PPL a great 
amount of flexibility to create customized applications for any 
substation configuration. The HMI one-line screen shows the 
device status, power system quantities, and reclosing prefer- 
ences for the entire substation. Clicking on or near a device will 
load the control screen for that device, which displays a detailed 
view of the selected devices, along with their status and analog 
values. This screen also presents the user with controls for the 
selected device. At any point, the user can return to the one-line 
screen using on-screen navigation buttons. An example of an 
HMI one-line diagram screen capture is illustrated in Fig. 1. 
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Fig. 1. Station HMI One-Line Diagram Screen Capture 
В. COMMUNICATIONS COMMISSIONING AND CHECKOUT 


As in the past, a sufficient methodical system checkout 
was performed during commissioning to verify proper data 
flow, and the results of the testing and verification were docu- 
mented and archived for future review. PPL slightly modified 
their procedures to accommodate ТЕС 61850 MMS and GOOSE 
but continue to document and archive the results of communica- 
tions checkout. These archives serve to provide future review of 
the test results and a starting point to perform additional testing. 
PPL found that when they added new functionality to an exist- 
ing system, they needed only perform iterative partial testing. 
Using the thoroughly documented results of the previous system 
checkout, PPL engineers can confidently test new changes and 
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only the parts of the network that the changes impact. Most 
importantly, because of their documentation procedures, PPL 
engineers know what needs to be tested as a result of these 
changes. 


V. CHANGES TO METHODOLOGY 


One major difference that affects all parts of commis- 
sioning and testing is that the new PPL NGS design uses a sin- 
gle Ethernet port on each IED. The second is that all PLCs are 
eliminated, and the upper-tier PLC is replaced with a communi- 
cations processor. 


A. USE MORE MICROPROCESSOR IED MULTIFUNCTION CAPABILITIES 


Prior to the NGS design, the PPL design was mostly 
hardwired, with the exception of some PLC communications. 
The design incorporated three communications networks. 

Redundant Modbus ТСР networks for Вау 
PLC/Substation PLC communications and one Modbus Plus 
network for SCADA and metering communications were imple- 
mented. 

Existing PLC-based designs were used as a starting point 
when embarking on the NGS design. Using functions already 
built into the microprocessor- 
based relay eliminated hardware 
and associated panel wiring. For 
example, the “Вау” PLC and 
fault detector were eliminated by 
moving breaker failure and 
direct transfer trip (DTT) logic 
functions into the relay. Digital 
transducers were also removed 
because the necessary data was 
already available in the micro- 
processor-based relays. Because 
the analog data were now avail- 
able on the Ethernet port, PPL 
planned to use relay data to sup- 
port the SCADA system, without 
the need for additional transduc- 
ers. Previous substation designs 
used microprocessor-based 
relays for protection only. Other 
functions, such as fault detec- 
tion, SER, etc., were performed 
by dedicated devices. The flexi- 
bility and reliability of micro- 
processor-based relays allowed 
the elimination of dedicated 
devices from the NGS design, 
because these functions now reside in the relay. 
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В. REPLACING WIRED TERMINATIONS WITH DIGITAL COMMUNICATIONS 


Protective relays now perform many functions besides 
protection. The advantages that modern microprocessor-based 
relays provide over traditional relays are well documented. 

These advantages include fault location, event reports, 
and programmable logic that allow many functions to be includ- 
ed in one device, thus saving hardware and wiring costs. One 
important complication of the technology shift is the increasing 
portion of the protection system design that resides in algo- 
rithms and logic in relays [1]. With the elimination of devices 
and hardwired connections, new methods of testing and docu- 
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mentation had to be developed. Previous substation designs uti- 
lized wiring diagrams or drawings for point verification. Points 
previously hardwired are now broadcast onto an Ethernet net- 
work via IEC 61850 GOOSE messages. 

Table II provides a partial example of the peer-to-peer 
network communications design documentation. This informa- 
tion replaces point-to-point wire connections. It is used to facil- 
itate testing and system troubleshooting. 


C COMMUNICATIONS MESSAGING ISOLATION FOR TEST 


Challenges must be expected when a new design 1s devel- 
oped. The NGS challenges were not always technical; some 
were procedural. For instance, how do test technicians selective- 
ly block signals communicating over Ethernet. To address these 
and other important issues, a project team consisting of repre- 
sentatives from engineering, operations, standards, and electri- 
cal testing was formed. Issues were discussed at length, and the 
system was designed to accommodate concerns associated with 
testing, scaling and expanding, and maintaining the design. For 
example, with previous substation designs, the need to block a 
particular function was imposed by opening a physical switch in 
the relay contact wiring circuit. The NGS utilizes a logic quali- 
fier in the relay to block or enable GOOSE message broadcasts. 

Because all IED communications are now interleaved 
through a single Ethernet port, PPL devised a way to isolate 
individual communications paths. When an operator chooses to 
block a GOOSE message, the contents are not actually updated. 
Although the IED GOOSE messages continue to be published, 
the payload, or data set, will not be updated with new values 
when the message is blocked. The HMI test display was modi- 
fied to include a control to enable and disable the GOOSE data 
set update. When the operator chooses to disable GOOSE 
updates, a logic bit is set in the HMI and sent to the IED. The 
IED constantly checks this logic and its status with the update 
process. Using this method, individual bits or entire data set 
contents can be blocked from being updated in outgoing IED 
GOOSE publications. 


D. COMMUNICATIONS MESSAGING CHANGES FOR HMI UPDATE 

With the elimination of PLCs and single-function 
devices, the substation network had evolved. The Modbus Plus 
network was replaced by an Ethernet network, supporting mul- 
tiple SCADA, peer-to-peer, and engineering access protocols. 
New software and programming tools were needed to configure 
the new system. Vendor-available software tools were used to 
develop relay logic, HMI programming, field simulation, test- 
ing, and documentation. 

As stated before, the changes to the HMI were kept to a 
minimum. The previous HMI communicated to redundant PLCs 
to collect data. The NGS network now provides the HMI the 
ability to communicate with each relay. The HMI database 
update mechanism was changed from master/slave to 
client/server. This was done by simply changing the application 
that updated the HMI database from a SCADA protocol to IEC 
61850 MMS. Using MMS, the database is now updated using 
client/server. 

With the ability to communicate with each relay came the 
need for comparative logic in the HMI. When multiple relays 
provide data for one apparatus, such as a tie breaker, the HMI 
compares the data from all sources and flags any discrepancies. 

The HMI provides the operator with the ability to view 
all data sources via a health-indicator button and determine 
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PARTIAL EXAMPLE OF PEER-TO-PEER NETWORK COMMUNICATIONS DESIGN DOCUMENTATION 
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which relay is not in agreement. This function is illustrated in 
Fig. 2. The operator also has the capability to remove the ques- 
tionable IED from the scan. 

The health and status of the relays are constantly moni- 
tored within the HMI to ensure accurate data are presented to 
the user. Because the protection design includes redundant 
relaying, any data disruption from a primary relay will cause the 
HMI to shift to the backup device for any analog data. 

Status data display 1s handled a bit differently. In order to 
ensure the relays remain consistent, the status of all the devices 
is combined using a Boolean AND statement. Any discrepancies 
between status values in the relays will be indicated with a yel- 
low flag on the affected device(s). The HMI one-line and device 
control screens indicate abnormal health or status with a red or 
yellow alert icon for each affected relay. The HMI also allows 
the user the option to force any relay out of service and disre- 
gard any data coming from that device. This is useful when 
removing a relay from service to perform testing or maintenance 
without affecting the HMI status and analog quantities. 


E. POINT VERIFICATION 


PPL developed an HMI view that provides GOOSE mon- 
itoring to aid in verification of peer-to-peer digital communica- 
tions interconnections. The application creates and displays 
GOOSE diagnostics as well as the data set contents from each 
IED. The application supports control of the GOOSE message 
behavior from the IEDs. Like the hardwire tests before, GOOSE 
test methods support iterative tests during commissioning as 
well as future changes and additions. 

The test results are saved, and screen captures of the 
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Fig. 2. HMI Display Illustrating Values From the IEDs and the IED Health 


GOOSE monitor application are saved as test process artifacts. 
Fig. 3 illustrates an example screen capture of the GOOSE mes- 
sage tables used by technicians to identify “virtual connections" 
among IEDs. 

The GOOSE system is designed around standard trans- 
mit data sets that serve two distinct purposes. The intent of the 
first transmit data set is to exchange protection data and ensure 
consistency between the redundant relaying data. Other transmit 
data sets serve the exchange of nonredundant relaying data or 
scheme data, such as bus differential tripping. A wired contact 
input on each relay permits blocking of all GOOSE data set 
transmissions by simply opening a test switch during relay test- 
ing or maintenance. 

The GOOSE data set application IDs and the transmitting 
relay IP address easily identify the data source. АП of the trans- 
mit data sets are multicast across the substation network. 

Each relay is configured to subscribe to only the data sets 
it needs, and then the required data points are mapped into the 
relay logic. 

The redundant relaying transmit data sets contain status 
data, such as maintenance switch status, breaker failure block- 
ing switch status, line reclosing preference, bus test sources, and 
relay health. Protection data, such as breaker failure initiate, 
breaker failure lockouts, and transformer lockouts, were also 
included in this data set. The other transmit data sets contained 
data for bus differential tripping, breaker failure on a bus break- 
er, and bus testing after an operation. 

GOOSE analog data are planned for use in future syn- 
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chronism check and bus testing schemes but have not been 
implemented in current designs. 


VI. NETWORKED IEDS IMPROVE SYSTEM CAPABILITIES 


The act of integration realizes significant system benefits 
over traditional methods of measuring multiple field termina- 
tions, regardless of the protocol(s) or communications media 
used [2]. 

Systems constructed with integrated IEDs networked via 
wireless, copper, fiber, serial, or Ethernet connections combined 
into a local-area network (LAN) offer the following benefits: 

1. Due to the reuse of data detected by a single ТЕР and 
digitally communicated to integrated IEDs and other data 
clients, field terminations, associated wiring, labor, and mainte- 
nance are reduced. 

2. By using IEDs that, in addition to their primary func- 
tions, also perform ongoing diagnostics of their own perform- 
ance and that of the equipment they are monitoring, the quanti- 
ty of unsupervised process and apparatus functions is reduced. 

3. Confirming the availability and reliability of the 
method by which the data are being collected and alarming 
when the data path is broken, the minimized distance of the 
unsupervised data path between the field source and data 
client(s) greatly improves the value of the data. 

Supervision is maximized by replacing traditional, 
unmonitored copper terminations with monitored digital com- 
munications at the IED closest to the field data. This, 1n turn, 
detects and alarms communications problems immediately. 
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Fig. 3. GOOSE Message Table Example 


4. Using methods that interleave multiple communica- 
tions paths onto a single serial or Ethernet connection reduces 
the quantity of communications connections. 

5. Because newer multifunction IEDs replace multiple, 
individual-purpose IEDs and because integration of IED data 
eliminates several traditional stand-alone systems, including 
those that perform SCADA, metering, SER, and digital fault 
recording, IED quantities are reduced. 

6. Increased process and apparatus monitoring and con- 
trol capabilities via the exchange and aggregation of data among 
many IED data sources rather than using a traditional imple- 
mentation of only one IED and one data source per function. 
This ability to freely allocate data sources among IEDs net- 
worked using serial or Ethernet networks minimizes the impor- 
tance regarding which IED 1s the data source and leads to more 
functional, flexible, and data-rich systems. 

Any protocol standard used to network IEDs is capable 
of providing some of the benefits listed above. These protocols 
include DNP, Modbus, and IEC 60870. However, standards that 
include protocol suites to satisfy the aggregate of peer-to-peer, 
client/server, device configuration, and engineering access com- 
munications methods, such as the well-known relay vendor's 
interleaved protocols and IEC 61850, will provide the most ben- 
efit. These benefits are available whether the protocol suites are 
proprietary or nonproprietary; however, nonproprietary meth- 
ods, in this case, led to better interoperability among the differ- 
ent vendor IEDs. Due to the application-specific requirements, 
however, it was necessary to support multiple methods of com- 
munications simultaneously to match different performance 
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requirements. As an example, command line prompt via Telnet 
and file transfer via FTP are two different examples of standard- 
ized engineering access over Ethernet. 


VII. ESSENTIAL IED-LEVEL TOOLS 


Multifunction, microprocessor-based relays incorporate 
not only multiple relay functions in one "box" but also include 
programmable logic capabilities. These logic capabilities allow 
various “logic schemes" previously implemented by wiring aux- 
iliary relays, timers, and devices together to be implemented in 
a single device using settings [3]. The technician and/or engi- 
neer tasked with testing or troubleshooting an installation can 
visualize the logical function as an electrical path on the dia- 
gram. However, verifying that messages and the data that they 
transfer are correctly moving over the Ether requires new, spe- 
cialized tools. 


A. GOOSE MESSAGE STATISTICS 


In order to make GOOSE messages perform adequately, 
many traditional Ethernet mechanisms had to be removed and, 
in fact, a new and unique Ethertype had to be created. Each 
GOOSE message must fit within a single Ethernet frame, so 
each consecutive message has a unique sequence number incre- 
mented by one. The subscribing IED can determine if GOOSE 
messages are received out of sequence. Each time the message 
contents change, the message status number is incremented. 
This allows the subscribing IED to determine which message it 
has received and determine if the message payload has changed. 
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В. GOOSE MESSAGE QUALITY CALCULATION 


There are several characteristics that need to be moni- 
tored to verify the correct publication and subscription of 
GOOSE messages. The receiving IED needs to verify both the 
quality of the messages as well as the quality of the data within 
the message. Communications diagnostics rely on message 
quality. Each IED should verify the message quality by combin- 
ing the status of each of the following codes (Table II). 

If any of these are set, the message quality indicates fail- 
ure. 


Message Statistics Error Code 


CONF REV MISMA 


Configuration revision mismatch 
between publisher and subscriber 


Publisher tndicates that ib necds NEED COMMISSIO 


caommissronting 


[EST MODI 


Publisher 15 m test center 


Received message is decoding and MSG CORRUPTED 


reveals errar 


Message received out of sequence OUT OF SEQUEN( 


[TL EXPIRED 


Message time tà live expired 


TABLE II 
GOOSE MESSAGE ERROR CODES 


C. GOOSE DIAGNOSTIC MESSAGE 


Using the Telnet engineering access port, the GOOSE 
diagnostics are retrieved to show the configuration and status of 
incoming and outgoing GOOSE messages. The message shown 
in Fig. 4 displays the outgoing GOOSE message configuration 
and performance. Configuration information for each GOOSE 
message includes a message label, multicast address, priority 
tag, virtual LAN identifier, and data set name. Real-time statis- 
tics for each message include the status number, sequence num- 
ber, time to live, and error code. If detected, an error code from 
Table II is displayed. 
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Fig. 4. GOOSE Diagnostic Statistics Retrieved via Telnet-Over-Ethernet LAN 


D. GOOSE MESSAGE FAILURE ALARM AND NOTIFICATION 


The subscribing IED calculates GOOSE message quality 
for each incoming GOOSE message. Because these methods are 
standardized, each IED is capable of calculating the GOOSE 
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message quality for GOOSE messages from any vendor IED. 
Once the IED has calculated the GOOSE message quali- 
ty status, this value is available as a logic element within the 
IED. Each IED uses this status to block and enable logic, dis- 
play GOOSE status on the IED front panel to aid troubleshoot- 
ing, and alarm technicians via SCADA protocols or email, short 
message service (SMS), or telephone messages. The change of 
status state is also time-stamped and recorded as an SER. 


E. GOOSE MESSAGE RELIABILITY AND CHANNEL AVAILABILITY 


Once recorded as a time-stamped SER, the GOOSE mes- 
sage quality status for each message is collected as a system- 
wide diagnostic. After commissioning, message quality will 
only fail when a message is corrupted or not received. The 
observation of failures will indicate the reliability of individual 
GOOSE messages. If the message quality failure is intermittent, 
the duration of the failures is calculated as the difference 
between timestamps. The aggregate of failure duration over a 
given amount of time determines the channel availability. 


F. VERIFICATION OF PEER-TO-PEER VIRTUAL CHANNELS 


Ethernet networks usually support multiple paths over 
the Ether between different points on the network. Routing and 
diagnostic methods support the verification of successful trans- 
mission between two points on the network, but not the path 
taken. The common standardized "ping" diagnostic executed by 
a client (e.g., an engineering workstation or SCADA/HMI com- 
puter) determines if it can contact the specified server over the 
network. The server in question, for example an IED, is identi- 
fied by its network address. If successful, the ping application 
verifies that the client and server can make contact over the net- 
work. This implies that peer-to-peer applications using these 
two network addresses will also be successful. In order to veri- 
fy connections to the entire network, the client pings all of the 
IEDs or other servers. 

Although useful, this client/server ping verification back 
to a computer does not confirm that IEDs can contact each other 
over the network. Therefore, IEDs must ping each other to ver- 
ify the peer-to-peer channel. Pinging between two IEDs is 
shown in Fig. 5, where the appropriate access level is protected 
by network security and IED passwords. In this example, a seri- 
al HyperTerminal session is used to interact with the IED 
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Fig. 5. HyperTerminal Display of One IED “Pinging” a Second Peer IED 
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Ethernet interface and cause it to ping the IED with address 
10.201.0.242. 


VIII. CONCLUSION 


Using new IEC 61850 client/server methods to replace 
traditional master/slave methods was accomplished without 
making major changes to the previously designed HMI and 
SCADA interfaces. 

PLCs were easily replaced with an IED network and 
communications processor by using more functionality avail- 
able in the IEDs. Software tools were developed by PPL to 
accommodate new engineering and testing practices. 

During the software design process, special considera- 
tions were made with regard to system expansion, troubleshoot- 
ing, and maintenance of the system. It was important to PPL that 
the system was easy to expand, test, and maintain. 

Messaging interoperability between peers depends on the 
device properties and the system architecture. Commissioning 
tests must be performed to verify that the communications 
behavior of a device as a system component is compatible with 
the overall network design. Stand-alone network test devices, 
HMI applications designed to observe network messaging, and 
internal IED diagnostics are all essential to configure, verify, 
and troubleshoot network communications. 
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RESISTANCE MEASUREMENTS 
THREE- AND FOUR-POINT METHOD 


FOUR-POINT RESISTANCE MEASUREMENTS 


Ohmmeter measurements are normally made with just a 
two-point measurement method. However, when measuring very 
low values of ohms, in the milli- or micro-ohm range, the two- 
point method is not satisfactory because test lead resistance 
becomes a significant factor. 

A similar problem occurs when making ground mat 
resistance tests, because long lead lengths of up to 1000 feet are 
used. Here also, the lead resistance, due to long lead length, will 
affect the measurement results. 

The four-point resistance measurement method eliminates 
lead resistance. Instruments based on the four-point measure- 
ment work on the following principle: 

* Two current leads, C1 and C2, comprise a two-wire cur- 
rent source that circulates current through the resistance 
under test. 

e Two potential leads, P1 and P2, provide a two-wire volt- 
age measurement circuit that measures the voltage drop 
across the resistance under test. 

• The instrument computes the value of resistance from 
the measured values of current and voltage. 


Four-Point Meauremeur Diagram 
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THREE-POINT RESISTANCE MEASUREMENTS 


The three-point method, a variation of the four-point 
method, is usually used when making ground (earth) resistance 
measurements. With the three-point method, the C1 and P1 terminals 
are tied together at the instrument and connected with a short 
lead to the ground system being tested. This simplifies the test in 
that only three leads are required instead of four. Because this 
common lead is kept short, when compared to the length of the 
C2 and P2 leads, its effect 15 negligible. Some ground testers are 


Resistance Deing Measured 


only capable of the three-point method, so are equipped with 
only three test terminals. The three-point method for ground sys- 
tem testing is considered adequate by most individuals in the 
electrical industry and is employed on the TPI MFT5010 and the 
TPI ERT1500. 

The four-point method is required to measure soil resistiv- 
ity. This process requires a soil cup of specific dimensions into 
which a representative sample of earth is placed. This process is 
not often employed in testing electrical ground systems although 
it may be part of an initial engineering study. 


PURPOSE/TPI INSTRUMENT FEATURES 


PURPOSE 


The purpose of electrical ground testing is to determine 
the effectiveness of the grounding medium with respect to true 
earth. Most electrical systems do not rely on the earth to carry 
load current (this is done by the system conductors) but the earth 
may provide the return path for fault currents, and for safety, all 
electrical equipment frames are connected to ground. 

The resistivity of the earth 15 usually negligible because 
there is so much of it available to carry current. The limiting fac- 
tor in electrical grounding systems is how well the grounding 
electrodes contact the earth, which is known as the 
soil/ground rod interface. This interface resistance 
component, along with the resistance of the ground- 
ing conductors and the connections, must be meas- 
ured by the ground test. 

In general, the lower the ground resistance, the 
safer the system is considered to be. There are differ- 
ent regulations which set forth the maximum allow- 
able ground resistance, for example: the National 
Electrical Code specifies 25 ohms or less; MSHA is 
more stringent, requiring the ground to be 4 ohms or 
better; electric utilities construct their ground systems 
so that the resistance at a large station will be no 
more than a few tenths of one ohm. 


ТРІ GROUND TEST INSTRUMENT CHARACTERISTICS 


* То avoid errors due to galvanic currents in the earth, TPI 
ground test instruments use an AC current source. 

* A frequency other than 60 hertz is used to eliminate the 
possibility of interference with stray 60 hertz currents 
flowing through the earth. 

* The three-point measurement technique is utilized to 
eliminate the effect of lead length. 

• Тһе test procedure, known as the Fall-of-Potential 
Method, is described on the following page. 
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THREE-POINT FALL-OF-POTENTIAL TEST PROCEDURE 


GROUND TEST PROCEDURE 


In the Fall-of-Potential Method, two small ground rods — 
often referred to as ground spikes or probes — about 12" long are 
utilized. These probes are pushed or driven into the earth far 
enough to make good contact with the earth (8" — 10" is usually 
adequate). One of these probes, referred to as the remote current 
probe, is used to inject the test current into the earth and is placed 
some distance (often 100") away from the grounding medium 
being tested . The second probe, known as the potential probe, is 
inserted at intervals within the current path and measures the 
voltage drop produced by the test current flowing through the 
resistance of the earth. 

In the example shown on the following page, the remote 
current probe C2 is located at a distance of 100 feet from the 
ground system being tested. The P2 potential probe is taken out 
toward the remote current probe C2 and driven into the earth at 
ten-foot increments. 

Based on empirical data (data determined by experiment 
and observation rather than being scientifically derived), the 
ohmic value measured at 62% of the distance from the ground- 
under-test to the remote current probe, is taken as the system 
ground resistance. 

The remote current probe must be placed out of the influ- 
ence of the field of the ground 
system under test. With all but 


the largest ground systems, a | 


spacing of 100 feet between the 
ground-under-test and the remote - 
current electrode is adequate. 
When adequate spacing between 
electrodes exists, a plateau will 
be developed on the test graph. 
Note: A remote current probe 
distance of less than 100 feet 
may be adequate on small 
ground systems. 
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When making a test where sufficient spacing exists, the 
instrument will read zero or very near zero when the P2 potential 
probe is placed near the ground-under-test. As the electrode is 
moved out toward the remote electrode, a plateau will be reached 
where a number of readings is approximately the same value (the 
actual ground resistance is that which is measured at 62% of the 
distance between the ground mat being tested and the remote 
current electrode). Finally, as the potential probe approaches the 
remote current electrode, the resistance reading will rise dramati- 
cally. 

It is not absolutely necessary to make a number of meas- 
urements as described above and to construct a graph of the read- 
ings. However, we recommend this as it provides valuable data 
for future reference and, once you are setup, it takes only a few 
minutes to take a series of readings. 

The electrical fields associated with the ground grid and 
the remote electrodes are illustrated on ANOOO9-5. An actual 
ground test is detailed on AN0009-6, and a sample Ground Test 
Form is provided on ANO0009-7. See ANO0009-8 for a simple 
shop-built wire reel assembly for testing large ground systems. 


SHORT-CUT METHOD 


The short cut method described here determines the 
ground resistance value and verifies sufficient electrode spacing 
— and it does save time. This procedure uses the 65' leads sup- 
plied with the TPI instruments. 

* Connect the T1 instrument jack with the 15' green lead 

to the ground system being tested. 

* Connect the T3 instrument Jack with the red lead to the 
remote current electrode (spike) placed at distance of 65' 
(full length of conductor) from the ground grid being 
tested. 

* Connect the T2 instrument jack with the black lead to 
the potential probe placed at 40 feet (6296 of the 65' dis- 
tance) from the ground grid being tested and measure 
the ground resistance. 

* Move the P2 potential probe 6' (10% of the total dis- 
tance) to either side of the 40' point and take readings at 
each of these points. If the readings at these two points 
are essentially the same as that taken at the 40' point, a 
measurement plateau exists and the 40' reading is valid. 
A substantial variation between readings indicates insuf- 
ficient spacing. 


THREE-POINT FALL-OF-POTENTIAL METHOD 
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Figure 3 
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А NOTE ON INSTRUMENT LABELING CONVENTIONS 


The TPI MFT5010 and TPI ERT1500 use the 
terminal designations ТІ (СІ/РІ), T2 (P2), and T3 
(C2). 

The corresponding lead designations on the 
MFT5010 are E (Earth), S & Н. 

The corresponding lead designations on the 
ERT1500 are E (Earth), P (Potential), C (Current). 


TEST CURRENT PATH 


* Test Current (AC ) flows from instrument T3 
to remote current probe C2 on the red lead. 

* Test Current flows from remote current probe 
C2 back through the earth to the ground being 
tested as shown by dashed blue line. 

* Test current flows out of ground grid back to 
instrument T1 on the short green lead. 

* Black potential lead РІ is connected to instru- 
ment T2 and is taken out at 10' increments. It 
measures voltage drop produced by the test 
current flowing through the earth. (P1 to P2 potential) 


EQUAL-POTENTIAL PLANES 


THE EXISTENCE OF EQUAL-POTENTIAL PLANES 


* When current flows through the earth from a remote test 
electrode (in the case of a ground test) or remote fault, the voltage 
drop which results from the flow of current through the resist- 
ance of the earth can be illustrated by equal-potential planes. The 
equal-potential planes are represented in the dashed lines in the 
drawings below where the spacing between concentric lines rep- 
resents some fixed value of voltage. 

* The concentration of the voltage surrounding a ground- 
ing element is greatest immediately adjacent to that ground. This 
is shown by the close proximity of lines at the point where the 
current enters the earth and again at the point where the current 
leaves the earth and returns to the station ground mat. 
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Figure 4 


* [n order to achieve a proper test using the Fall-of- 
Potential Ground Test Method, sufficient spacing must exist 
between the station ground mat being tested and the remote cur- 
rent electrode such that the equal-potential lines do not overlap. 
As shown by the black line in the Sample Plot, adequate elec- 
trode spacing will result in the occurrence of a plateau on the 
resistance plot. This plateau must exist at 62% of the distance 
between the ground mat and the remote electrode for the test to 
be valid. Insufficient spacing results in an overlap of these equal- 
potential planes, as illustrated at the bottom of this page and by 
the red line on the Sample Plot. 

e See the Safety Note on AN0009-6 for information on the 
hazards of Step and Touch-Potentials. 
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ACTUAL FIELD TEST 


This actual ground test was conducted on a pad-mount 
transformer in a rural mountain area. The single-phase trans- 
former is supplied by a 12470/7200 volt grounded wye primary 
and the transformer is grounded by its own ground rod as well as 
being tied to the system neutral which is grounded at multiple 
points along the line. The distribution line is overhead with just 
the “dip” to the transformer being underground. 





Setting-Up the Ground Tester 


TEST PROCEDURE 


Terminal ТІ of the TPI MFT5010 tester was connected to 
the transformer case ground with the short green lead. The 
remote Current Probe C2 was driven in the ground at a location 
100 feet from the transformer and connected to Terminal T3 of 
the instrument with the red test lead. 
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ТРІ MFT5010 Instrument 
Showing the 50 foot reading of 4.0 Ohms. 


Ground Test Data 
Remote Current Probe C2 @ 100 Feet 


P2 Distance from Transformer in Feet Instrument Reading in Ohms 


10 1.83 
20 3.59 
30 3.85 
40 3.95 
50 4.0 
60 4.25 
62* 4.3 
70 4.5 
80 5.4 
90 7.3 
100 25.02 


* Actual Ground resistance. 


Terminal T2 of the tester was connected, using the 100' 
black lead, to the P2 potential probe. This ground stake was 
inserted into the ground at 10' intervals and a resistance measure- 
ment was made at each location and recorded in the table above. 

The relatively constant readings in the 4 ohm range 
between 40 and 70 feet are a definite plateau that indicates suffi- 
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cient lead spacing. The initial readings close to the transformer The measured ground resistance at 62 feet (62% of the 


are lower, and there is a pronounced “tip-up” as the P2 probe distance) was 4.3 ohms and is taken as the system ground resist- 
approaches the remote current electrode C2. ance. This is an excellent value for this type of an installation. 
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SAFETY NOTE — POSSIBLE EXISTENCE OF HAZARDOUS 
STEP AND TOUCH POTENTIALS 


It is recommended that rubber gloves be worn when driv- 
ing the ground rods and connecting the instrument leads. 

The possibility of a system fault occurring at the time the 
ground test is being conducted is extremely remote. 

However, such a fault could result in enough current flow 
through the earth to cause a possible hazardous step potential 
between a probe and where the electrician is standing, or haz- 
ardous touch potential between the probes and the system 
ground. The larger the system, in terms of available fault current, 
the greater the possible risk. 


REEL ASSEMBLY 


A SHOP-BUILT GROUND TEST WIRE REEL ASSEMBLY 


This simple, low-cost, and easy-to-build wire reel assem- 
bly is handy for making Ground (Earth) Resistance measure- 
ments on large ground systems. The unit shown below has 500 
feet of wire for testing medium-to-large ground fields typical of 
those found in industrial plants and substations. For testing even 
larger systems, such as those installed for power generating 
plants, wire lengths of 1000 feet can be used. Wrap-on wire 
markers are installed every ten feet on the current lead to simpli- 
fy placement of the remote current and potential probes. Your 
electrical distributor will probably have empty surplus reels 
available for the asking — the ones shown below are about 12 
inches in diameter. The conductor is standard #12 THHN. Even 
though the TPI ERT1500 and the MFT5010 use an AC test sig- 
nal, the test results are unaffected by the inductance of any wire 
left on the reels. 
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THE ART OF MEASURING LOW RESISTANCE 


Tee Sheffer and Paul Lantz, Signametrics 


Don't heap all the blame for a wrong measurement on the 
DMM (Delayed Neutron Monitor). There can be several less 
obvious sources of the errors. 

Testing assemblies and components usually includes 
checking the continuity of connectors, wires, traces, and low- 
value resistive elements. Such applications typically require both 
a DMM and a switching system. 

Many users select a DMM and switching cards based only 
on the specifications of the DMM and later are surprised to find 
that their measurements are an order of magnitude less accurate 
than expected. Many users don't recognize the error as a system 
problem and conclude that the DMM is not meeting its specifi- 
cation. 

Making accurate, stable, and repeatable resistance meas- 
urements is an art. There is plenty of technology involved, but the 
art is an important part, especially when you are measuring low 
resistance values. 

To achieve your accuracy goal, you need to understand the 
error sources in your application. It is important to start with a 
good DMM. But, there are significant error sources outside the 
DMM, some of which may not be obvious. Things may be more 
complex than they seem, and some types of errors may be mis- 
interpreted. 


LIMITATIONS AND ERROR SOURCES 


Not all materials are created equal. Most connectors and 
test probes are made of beryllium-copper or phosphor-bronze 
materials that closely match the electromotive force (EMF) of 
copper. For this reason, they do not cause significant thermally 
induced voltage errors. 

However, relays and some other devices use nickel-iron 
alloys that do not match the properties of copper. These can 
cause significant thermal EMF errors. Thermal voltages are gen- 
erated when there is a mismatch of materials combined with a 
temperature difference. 

This is the same principle that makes thermocouples work 
as temperature sensors. If you expect readings that are accurate 
within a few milliohms, this is a big issue. This error source also 
affects higher value resistance measurements, but to a lesser degree. 

It is easy to overlook second-order specifications of a 
DMM, such as current drive levels used for resistance measure- 
ment. These specs may be in small print or missing, but they are 
important. For measuring low resistance, this spec tells what you 
can expect from the DMM. The accuracy specs of the DMM 
don't tell the whole story. For example, the Signametrics 
SMX2064 PXI DMM uses a 10-mA current source, while most 
other DMMs are limited to 1 mA or less. Remember Ohm's Law: 
У =I x К means that 10 times the current produces 10 times the 
voltage being sensed across the resistor. This larger signal is less 
susceptible to external errors and noise and provides more signal 
to measure. 


The larger signal almost always produces a more accurate 
measurement. It is confusing to compare two DMMs having sim- 
ilar specifications in ohms if one has 10 times the current drive. 
The two are not the same. The one with the higher current will 
perform better, especially in a system. 

Good DMMs can measure signals down to a few micro- 
volts. If you need to measure a resistance down to a few mil- 
liohms, а 1-mA test current only produces 1 рУ of signal per 1 
mQ of resistance. In other words, you are operating right at the 
resolution limit of the DMM. 

With a 10-mA test current, there are 10 uV of signal per 1 
mQ of resistance. As a result, a DMM that uses 10x as much cur- 
rent for this test will give about 10x improvement in accuracy, 
stability, and repeatability for very low values. 

If your test has serious throughput requirements and you 
need to make hundreds of measurements per second, having a 
stronger signal combined with good noise performance in the 
DMM makes a huge difference. Remember that the DMM's 
accuracy at higher speeds may be much more important than its 
best accuracy. 


TWO-WIRE 


Everyone knows how easy it is to measure resistance 
using a two-wire connection. However, for low resistance, a two- 
wire connection has disadvantages (Figure 1). 





Figure 1. Two-Wire 


Test leads frequently add >1 © of resistance, and your 
test probe may add another 0.1 Q of contact resistance to the 
measurement. These errors are significant if you are measuring 
20 О. 

You can eliminate most of the test-lead errors from a two- 
wire connection by shorting the leads and setting the Relative- 
Ohms control. This enables the DMM to subtract the test-lead 
resistance from the readings that follow. This is a very handy tool 
when you are doing manual testing, but it is less useful in an 
automated test. 


FOUR-WIRE 


A four-wire connection is the standard method for meas- 
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uring low resistance. It eliminates the resistance of the test 
leads from the measurement. One pair of leads carries the test 
current while the other pair of leads senses the voltage across 
the resistor under test (Figure 2). 





Figure 2. Four-Wire 


The resistance of the current-carrying leads doesn't mat- 
ter because they are not in the measurement path. The resistance 
of the sensing leads doesn't matter since they don't carry any 
current. 

A four-wire connection is not immune to thermal EMF 
errors caused by mismatched materials. This usually is not 
important in manual testing situations, but it is a major issue in 
automated systems where a relay switch is used. 


SIX-WIRE 


What if the resistor you want to measure is in a circuit 
with other components or resistors as in networks or on a loaded 
circuit board? Then you need a six-wire guarded connection. 
This method makes it possible to measure resistance in situations 
where it would be impossible otherwise. The SMX2064 DMM 





Figure 3. Six-Wire Guarded In-Circuit Measurement 


offers this capability (Figure 3). 


A guard amplifier drives the junction of parallel compo- 
nents to a voltage level that prevents any of the test current from 
leaking away from the resistor under test. This is a standard 
method used by large ATE in-circuit test systems. With the right 
DMM, you can implement it too. 


MEASURING THROUGH A SWITCH MATRIX 


Many applications are for production test. In these cases, 
it is almost always necessary to perform multiple tests and meas- 
ure multiple points. You usually do this by putting a switching 
card or a matrix ahead of the DMM. It is important to note that 
the switching card can be a major source of error, particularly 
when measuring low resistance. 


TWO-WIRE WITH A SWITCHING CARD 


How does adding a switching card affect your two-wire 
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resistance measurements? Two-wire resistance measurements cer- 
tainly are attractive because you can fit twice as many two-wire 
measurements onto a card as you can four-wire measurements. 

The economics are attractive. Perhaps you can put a short 
circuit on one of the inputs to the switching card and measure 
that short to make a Relative-Ohms measurement? This line of 
reasoning also might lead you to select the highest density switch- 
ing card possible. 

However, there are reasons to be careful. A typical switch- 
ing card does not have the same resistance through all of its 
channels. Channel 0 may add 0.2 Q to the reading while Channel 
20 may add 0.8 ©. Consequently, measuring a short on one does 
not give a good compensation for the other because they do not 
have the same resistance. 

Even if you could correct for the difference in channel-to- 
channel resistance, relays typically have about 50 mQ of contact 
resistance that will shift around by 20 mQ from one reading to 
the next. You might think that high-current relays will have lower 
contact resistance, but it doesn't work that way. High-current 
relays usually have silver-plated contacts that give low resistance 
for currents above 100 mA. Unfortunately, silver-plated contacts 
have a high and unpredictable contact resistance for currents less 
than 50 mA. 

Relays are made of nickel-iron materials, and they all 
have problems with thermal EMFs. Frequently, this error source 
is not specified for high-density switching cards. If not, the ther- 
mal voltages probably are around 100 uV. If your DMM uses 10 
mA to make this measurement, the switching card adds 10 m€2 
of error to the measurement. If your DMM uses only 1 mA, the 
switch will add 100 mQ of error to the measurement. 

Keep in mind that this error voltage is made up of all of 
the closed relay contacts connected to the sense lines of the 
DMM. The more complex the switching system is, the higher the 
error will be. 


FOUR-WIRE WITH A SWITCHING CARD 


Using a four-wire connection through your switching card 
takes care of the resistance issues associated with the switching 
card. This accuracy improvement happens at the expense of 
reduced channel density. However, it does not take care of the 
thermal EMF problems that come with some switching cards 





THERMAL VOLTAGE ERRORS, NOT CORRECTED 
Figure 4. Four-Wire Switching Card 


(Figure 4). 


One way to reduce this error is to use a DMM with the 
Offset-Ohms function. However, this method is very slow, it adds 
noise, and it is limited in its capability to reduce the error. For 
best results, start with a high-quality switching card that is spec- 
ified for low thermal EMF error. 

How big a problem are thermal EMF voltages in relay 
switches? A high-quality switching card has about 10 uV while 
a typical one has >100 uV of thermal voltages. There are a few 
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instrumentation quality switches that exhibit 1uV or less. 

Take a look at Figure 5 to see the effect. The plots depict 
the specs of two similar DMMs. One of the DMMs uses 1-mA 
excitation current while the other uses 10 mA. There are some 
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Figure 5a. 1-тА Ohms Excitation Figure 5b. 10-mA Ohms Excitation 


things to note: 

* Both DMMs have very similar specifications. 

* As soon as you combine them with a relay card that has 
10-uV offset, the system error is considerably greater 
than the DMM spec. For the DMM with 10-mA excita- 
tion, the system error is almost two times the DMM 
spec. For the DMM with 1-mA excitation, the system 
error is almost 10 times the DMM spec. 

* [f you combine the DMMs with a relay card that has 
100-uV offset, the error becomes huge. For the DMM 
withlO-mA excitation, the system error is almost 10 
times the DMM spec. For the DMM with 1-mA excita- 
tion, the system error is almost 100 times the DMM 
spec. 

* The effect of the relay offset voltages overwhelms the 
DMM specifications in both cases, but the DMM that 
uses 10-mA excitation current produces a system spec 
between five and 10 times better than the DMM that 
uses 1-mA excitation. 
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SIX-WIRE WITH A SWITCHING CARD 


A six-wire resistance connection works just fine with a 
switching card as long as the card is organized to support it. 
Remember that a six-wire connection does not increase the accu- 
racy of your measurement unless other resistors in the circuit 
need to be guarded. This is still the only way to guard-out paral- 
lel resistors that otherwise would make the measurement impos- 
sible. 


EXAMPLES 


A manufacturer of semiconductor protection devices uses 
an SMX2064 on its low-resistance four-wire range to accurately 
measure resistances around 20 €2 before and after hitting the 
device with a high test voltage. Because the SMX2064 can take 
an accurate measurement in as little as 1 ms, test throughput is 
high. 

A manufacturer of hybrid circuits uses an SMX2064 to 
measure resistance values of less than 100 mQ. In this case, 
speed is not an issue, but getting a useable measurement is. Other 
DMMs that use only 1-mA excitation current did not qualify to 
do the job. 


CONCLUSION 


If you need to measure low resistance values, you benefit 
by using a DMM that has a 10-mA excitation current. A 1-mA 
source gives a much weaker signal to measure and presents sys- 
tem-level problems, particularly if there are switching cards 
involved. If you expect a stable, accurate result, you almost cer- 
tainly need to use a four-wire connection. 

The accuracy spec of the DMM is important but not the 
whole story. Remember that everything in the measurement path 
affects the accuracy of the measurement, especially switching 
cards. Your best bet is to combine a DMM with good ohms spec- 
ifications and high test current and a switching card with a low 
thermal EMF spec, preferably an instrumentation type. 
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WHAT IS HIPOT TESTING? 


Cirris Systems Corp. 


Many people are familiar with a continuity test. A conti- 
nuity test checks for *good connections". You do a continuity 
test by seeing if current will flow from one point to another 
point. If current flows easily enough, then the points are con- 
nected. Many people aren't familiar with a hipot test. "Hipot" 15 
short for high potential (high voltage). A hipot test checks for 
“good isolation". You do a hipot test by making sure no current 
will flow from one point to another point. In some ways, a hipot 
test is the opposite of a continuity test. 

Continuity Test: *Make sure current flows easily from 
one point to another point." 

Hipot Test: “Make sure current won't flow from one 
point to another point (and turn up the voltage really high just to 
make sure no current will flow)." 

In the simple case, a hipot test takes two conductors that 
should be isolated and applies a very high voltage between the 
conductors. The current that flows is watched carefully. Ideally, 
not much current will flow. If too much current flows, the points 
are not well isolated and they should fail the test. 


WHY HIGH VOLTAGE TEST? 


You use a hipot test to make sure you have good isolation 
between the parts of a circuit. Having good isolation helps to 
guarantee the safety and quality of electrical circuits. Hipot tests 
are helpful in finding nicked or crushed insulation, stray wire 
strands or braided shielding, conductive or corrosive contami- 
nants around the conductors, terminal spacing problems, and 
tolerance errors in IDC cables. All of these conditions might 
cause a device to fail. 


WHAT KINDS OF HIGH-VOLTAGE TESTS ARE THERE? 
There are three common high voltage tests. 
* Dielectric Breakdown Test 
* Dielectric Withstanding Test 
* Insulation Resistance Test 


WHAT IS "DIELECTRIC BREAKDOWN TESTING"? 


With dielectric breakdown testing you are trying to 
answer the question *How much voltage can I apply between 
the wires before the insulation fails?" You increase the voltage 
until the current suddenly increases. You are finding the highest 
voltage the cable can stand before it fails. Once the cable fails it 
is usually damaged or destroyed. 


WHAT IS "DIELECTRIC WITHSTAND TESTING" (DW)? 


In dielectric withstand testing, you are trying to answer 
the question *Will this cable withstand a required voltage for a 
required time?" You apply the voltage for the amount of time 
and watch the current that flows. Ideally, no current flows and 
the cable is not harmed. 


WHAT IS "INSULATION RESISTANCE TESTING" (IR)? 


In insulation resistance testing, you are trying to answer 
the question “Is the resistance of the insulation high enough?" 
You apply a voltage and very carefully measure the current. You 
then calculate the insulation resistance using Ohm's Law (К = 
VIT). 


HOW DO THESE "HIPOT" TESTS AFFECT QUALITY? 


АП of these tests are tools you can use to better under- 
stand how a cable will perform and to monitor any changes in 
the cable's performance. 

Dielectric breakdown testing is used in product design 
and qualification stages. It helps establish the maximum voltage 
of the design. It can also be used on a random sample basis to 
verify that the maximum voltage is not changing. Dielectric 
breakdown testing may be required during the development of 
assemblies used in critical applications. 

Many test specifications require a Dielectric Withstand 
Test on every cable produced. The test is usually done at about 
75% of the typical breakdown voltage. It is done as a safety net. 
The test is sensitive to arcs or corona, so it often finds terminal 
spacing problems, over-mold problems, tolerance errors in IDC 
cables, or any problem that might produce arcs. This test does- 
n't significantly degrade the cable. 

The Insulation Resistance test is typically done on every 
cable tested. It is usually done at 300 to 500 VDC with 100 to 
500 Megahoms resistance. The test is very sensitive to contam- 
ination in the assembly process. Solder flux, oils, mold release 
agents, and skin oil all can cause problems. This test excels at 
identifying insulation that will conduct in the presence of mois- 
ture. Doing this test on every cable allows you to detect contam- 
ination changes in the manufacturing process. 


WITH ALL THE HIGH VOLTAGE BEING USED, WHAT ABOUT 
MY SAFETY? 


During a hipot test, you may be at some risk. The risk can 
be reduced by using a tester designed to be safe and by using 
that tester according the manufacturer’s instructions. 

Products being designed today usually must comply with 
product safety regulations. Some of these regulations work to 
reduce the chance of you receiving a harmful electrical shock. 
Modern equipment is more likely to follow these regulations. 
When it comes to hipot charge, energy, and voltage, you should 
select the “safest” machine that will still test your cables. 

To minimize your risk of injury from electrical shock 
make sure your hipot equipment follows these guidelines: 

* The total charge you can receive in a shock should not 
exceed 45 uC. 

e The total hipot energy should not exceed 350 mJ. 

* The total current should not exceed 5 mA peak (3.5 mA 
rms) 


48 


* The fault current should not stay on longer than 10 mS. 

* |f the tester doesn't meet these requirements, then make 
sure it has a safety interlock system that guarantees you cannot 
contact the cable while it is being hipot tested. 

These guidelines come from the test standard EN61010- 
1, Safety requirements for electrical equipment for measure- 
ment, control and laboratory use, April 1993, CENELEC. Over 
the last decade, many of the safety regulations have been harmo- 
nized (standardized) and EN61010-1 is similar to UL 61010A- 
1 (formerly UL3101-1). 

While you are testing cables, there are several things you 
can do to reduce the risk even more: 

* Verify the correct operation of the safety circuits in the 
equipment every time you calibrate it. 

* Follow all of the manufacturer's instructions and safety 
guidelines. 

* Don't touch the cable during hipot testing. 

* Allow the hipot testing to complete before removing the 
cable. 

* Wear insulating gloves. 

* [f you have any health condition that can be aggravated 
by being startled then don't use the equipment. 

* Don't allow children to use the equipment. 

* If you have any electronic implants then don't use the 
equipment. 


WHERE IS THE HIGH VOLTAGE APPLIED? 


To understand a how hipot testing works, you'll need to 
understand where to connect the high-voltage supply. Hipot 
testers usually connect one side of the supply to safety ground 
(earth ground). The other side of the supply is connected to the 
conductor being hipoted. With the supply connected like this, 
there are two places a given conductor can be connected: high 
voltage or ground. 

When you have more than two contacts to be hipot test- 
ed, you connect one contact to high voltage and connect all 
other contacts to ground. Testing a contact in this fashion makes 
sure it is isolated from all other contacts. 

What happens when you test something more complicat- 
ed than just contacts? A series of contacts that are connected 
with wires, resistors, capacitors, diodes, and other components 
is called a “network” of connections (or *net"). To hipot test a 
net, you connect all of the contacts in the net to high voltage and 
connect all other contacts in the device to ground. For example, 
if you have a wire that connects two pins, the high voltage will 
be simultaneously applied to both of those pins and the entire 
wire will be raised in voltage. АП other wires and pins will be 
held at ground. If you have a resistor that connects two pins, 
both pins are raised in voltage, the voltage drop across the resis- 
tor is always zero. The entire resistor is raised in voltage. In 
short, all pins of a component see the same voltage at all times. 
Applying the voltage in this fashion makes sure the body of the 
component is isolated from the rest of the device. 


WHERE IS THE CURRENT MEASURED? 


During the hipot test, the current that flows out of the 
high voltage supply is measured. 
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WHAT CAUSES CURRENT TO FLOW THROUGH AN INSU- 
LATOR? 


Insulation *does not conduct". But if you use enough 
voltage, even the best of insulations will allow some current to 
flow. You may wonder why the current flows? There are sever- 
al reasons current will flow through insulation during a hipot 
test. Resistance, capacitance, arcs, electrochemical effects, and 
corona are all effects that describe current flow. АП of these 
effects add together during a hipot test to shape the outcome of 
the test. 


USING VOLTAGE TO DETECT INSULATION DEFECTS 


Here are some guidelines for using voltage to find insu- 
lation problems(chart on next page). 
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Test «Инин 
When air gaps between conductors can 
be less than 0.1" 


Voltage must be more than 50 volts to 
be useful 


Test at voltages above the rated 


working voltage 





Insulation resistance testing 


AC testing 


Shock hazard 


Which wires require testing 


Voltage Ramp Rate in DC testing 


Burning out shorts and arcing 


Voltage accuracy 


Finding stray strands 








Кеп 


| High-voltage breakdown testing is appropriate when air gaps of less than 0.1 


inches can occur between conductors; . The testing often needs to be done 


| abave 500 valts to really be helpful. 


Testing at less than 50 volts can detect leakage or contamination but the low 
test voltage generally does not detect common insulation breakdown between 
conductors. 

Brief high-voltage testing at three times the rated voltage of cable assemblies 
and wire harnesses has not been known to damage or degrade insulation. А 
common aerospace guideline is to test at two times the operating voltage plus 
1000 volts. 

Testing High-voltage Insulation Resistance (IR) is often needed when the 
cabling is used for sensitive low-power signals. 

High-voltage AC tests for large assemblies can create a shock hazard. For this 
reason, and also because of slower test speed and higher cost, it is not as 
popular as DC testing. In some circumstances, AC testing detects problems not 
found with DC tests, particularly when used with long application times. AC 
tests are known to degrade PVC insulation. When using a DC test to replace an 
AC test, raise the voltage by at least 40 percent (1.414 RMS multiplier). 
High-voltage DC tests of cables shorter than 500 ft. do not need to be a shock 
hazard. А tester designed to test larger assemblies at higher currents can still 
be a hazard with wrong settings or if it malfunctions, IEC479-1 and EN61010- 
1:1993 specify a non-hazardous energy source as being less than 45 micro 
coulombs (this is 45 / 1500 = .03 micro-farads at 1500 VDC). This limit 
includes energy from both the tester and the assembly under test. 

Test voltages must be applied between all relevant combinations of wires, 


including shields, to test insulation, 
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Controlling the voltage ramp rate is a common way to limit the current needed 
to bring each wire up to the hipot voltage. A modern hipot tester can limit the 
inrush current and detect failures as the voltage is rising which makes the 
ramp rate specification unnecessa 

A high-voltage test that allows high CES causing visible arcing that burns 
out a short and then passes the wired assembly as good, cannot be relied 
upon for defect removal because carbon tracks and potential insulation 
damage may occur. 

Voltage accuracy must be within 10 percent or a higher voltage setting must 
be used that assures testing to within 10 percent of the specified test voltage. _ 
High-voltage testing, unless done at many thousands of volts, does not detect 
stray strands unless they are within .050 of an Inch of another 


conductor/contact. 
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MAGNETO-MECHANICAL MEASUREMENTS FOR 
HIGH CURRENT APPLICATIONS 


Jack Ekin, NIST — Electromagnetics Division 


GOALS 


This project specializes in measurements of the effect of 
mechanical strain on superconductor properties such as critical- 
current density for applications in magnetics, power transmis- 
sion, and electronics. Recent research has produced the first 
electromechanical data for the new class of high-temperature 
coated conductors, one of the few new technologies expected to 
have an impact on the electric-power industry. The Strain Scaling 
Law, previously developed by the project for predicting the 
axial-strain response of low-temperature superconductors in high 
magnetic fields, is now being generalized to three-dimensional 
stresses, for use in finite-element design of magnet structures, 
and to high-temperature superconductors. Recent research 
includes extending the high-magnetic-field limits of electro- 
mechanical measurements for development of nuclear-magnetic- 
resonance (NMR) spectrometers operating at 23.5 teslas and 1 
gigahertz, and the next generation of accelerators for high-ener- 
gy physics. The project has diversified its research to include 
magnetoresistance studies on a new class of carbon nanostruc- 
tures using our highfield superconducting magnet facility and a 
newly developed, variable-angle, variable-temperature measure- 
ment capability. 


CUSTOMER NEEDS 


The project serves industry primarily in two areas. First is 
the need to develop a reliable measurement capability in the 
severe environment of superconductor applications: low temper- 
ature, high magnetic field, and high stress. The data are being 
used, for example, in the design of superconducting magnets for 
the magnetic-resonance-imaging (MRI) industry, which provides 
invaluable medical data for health care, and contributes 2 billion 
dollars per year to the U.S. economy. 

The second area 15 to provide data and feedback to industry 
for the development of high-performance superconductors. This 
is especially exciting because of the recent deregulation of the 
electric power utilities and the attendant large effort being devot- 
ed to develop superconductors for power conditioning and 
enhanced power-transmission capability. We receive numerous 
requests, from both industry and government agencies, for reliable 
electromechanical data to help guide their efforts in research and 
development in this critical growth period. 

The recent success of the second generation of high-tem- 
perature superconductors has brought with it new measurement 
problems in handling these brittle conductors. We have the 
expertise and equipment to address these problems. Stress and 
strain management is one of the key parameters needed to move 
the second-generation high-temperature coated conductors to the 
market place. The project utilizes the expertise and unique 
electromechanical measurement facilities at NIST to provide 
performance feedback and engineering data to companies and 


national laboratories fabricating these conductors in order to 
guide their decisions at this critical phase of coated-conductor 
development. 


TECHNICAL STRATEGY 


Our project has a long history of unique measurement 
service in the specialized area of electromechanical metrology. 
Significant emphasis is placed on an integrated approach. We 
provide industry with first measurements of new materials, spe- 
cializing in cost-effective testing at currents less Шап 1000 
amperes. Consultation is also provided to industry on developing 
its own measurements for routine testing. We also provide con- 
sultation on metrology to the magnet industry to predict and test 
the performance of very large cables with capacities on the order 
of 10 000 amperes, based on our tests at smaller scale. In short, 
our strategy has consistently been to sustain a small, well con- 
nected team approach with industry. 

Electromechanical Measurements of Superconductors 
— We have developed an array of specialized measurement sys- 
tems to test the effects of mechanical stresses on the electrical 
performance of superconducting materials. The objective is to 
simulate the operating conditions to which a superconductor will 
be subjected in magnet applications. In particular, since most 
technologically important superconductors are brittle, we need to 
know the value of strain at which fractures occur in the supercon- 
ductor. This value is referred to as the irreversible strain limit, 
since the damage caused by the formation of cracks is perma- 
nent. The effect of cracks is extrinsic. In contrast, below the irre- 
versible strain, there exists an elastic strain regime where the 
effect of strain is intrinsic to the superconductor. In this elastic 
regime, the variation in the critical-current density (Jc) with 
strain, if any, is reversible and is primarily associated with 
changes in the superconductor's fundamental properties, such as 
the critical temperature (Tc) and the upper critical field (Hc2), as 
well as changes in the superconductor's microstructure due to the 
application of strain. 

Measurement Facilities — Extensive, advanced measure- 
ment facilities are available, including high-field (18.5 teslas) 
and split-pair magnets, servohydraulic mechanical testing sys- 
tems, and state-of-the-art measurement probes. These probes are 
used for research on the effects of axial tensile strain and trans- 
verse compressive strain on critical current; measurement of 
cryogenic stress-strain characteristics; composite magnetic coil 
testing; and variable-temperature magnetoresistance measure- 
ments. Our electromechanical test capability for superconductors 
is one of the few of its kind in the world, and the only one pro- 
viding specialized measurements for U.S. superconductor manu- 
facturers. 

Collaboration with Other Government Agencies — 
These measurements are an important element of our ongoing 
work with the U.S. Department of Energy (DOE). The DOE 
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Office of High Energy Physics sponsors our research on electro- 
mechanical properties of candidate superconductors for particle- 
accelerator magnets. These materials include low-temperature 
superconductors (Nb3Sn, Nb3AI, and MgB2), and high-temper- 
ature superconductors — Bi-Sr-Ca-Cu-O (BSCCO) and Y-Ba- 
Cu-O (YBCO) - including conductors made on rolling-assisted, 
biaxially textured substrates (RABiTS) and conductors made by 
ion-beam-assisted deposition (IBAD). The purpose of the data- 
base produced from these measurements is to allow the magnet 
industry to design reliable superconducting magnet systems. Our 
research is also sponsored by the DOE Office of Electric 
Transmission and Distribution. Here, we focus on high-temperature 
superconductors for power applications, including power-condi- 
tioning systems, motors and generators, transformers, magnetic 
energy storage, and transmission lines. In all these applications, the 
electromechanical properties of these inherently brittle materials 
play an important role in determining their successful utilization. 

Scaling Laws for Magnet Design — In the area of low- 
temperature superconductors, we have embarked on a fundamen- 
tal program to generalize the Strain Scaling Law (SSL), a mag- 
net design relationship we discovered two decades ago. Since 
then, the SSL has been used in the structural design of most large 
magnets based on superconductors with the A-15 crystal struc- 
ture. However, this relationship is a one-dimensional law, where- 
as magnet design is three-dimensional. Current practice is to 
generalize the SSL by assuming that distortional strain, rather 
than hydrostatic strain, dominates the effect. Recent measure- 
ments in our laboratory suggest however that this assumption is 
invalid. We are now developing a measurement system to care- 
fully determine the three-dimensional strain effects in A-15 
superconductors. The importance of these measurements for 
very large accelerator magnets is considerable. The Strain 
Scaling Law is now also being developed for high-temperature 
superconductors since we recently discovered that practical 
high-temperature superconductors exhibit an intrinsic axial- 
strain effect. 


ACCOMPLISHMENTS Pre-compressive strain €ma versus 
e New Measurement MIETEN BM SC BI UT 
Method for Marginally 2607130710 


Data were obtained using a new 
measurement method developed 
by EEEL researchers for marginally 
stable superconductor wires. 


Stable Superconductor Wires 
— The next generation of parti- 
cle accelerators for high-energy 
physics, and magnet systems 
for nuclear magnetic resonance 
(NMR) spectroscopy, will require the development of a new type 
of superconducting niobium-tin wire able to carry extremely 
high currents at high magnetic fields. One way to achieve high 
currents is to push the density of superconductor filaments in 
composite wires to new limits. Oxford Superconductor 
Technology (Carteret, NJ) has successfully demonstrated the 
feasibility of this concept. However, this could significantly 
reduce the beneficial *pre-compressive strain" in these conduc- 
tors upon cooling, an important parameter for magnet design. 
Our superconductor electromechanical testing system is the only 
one in the U.S. that utilizes stress-free cooling, which is essential 
for a direct measurement of pre-compressive strain. Unfortunately, 
the new niobium-tin wires, owing to their relatively small amount 
of copper stabilizer, are only marginally stable, which makes elec- 
trical characterization extremely challenging. Hence, a new meas- 
urement technique was required that did not compromise the 
stress-free cooling advantage. 
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The technique consists of measuring critical-current den- 
sity (the maximum lossless current density that a superconductor 
can carry) versus axial strain for a number of copper-plated spec- 
imens of the same wire with different amounts of copper. We 
then deduced the strain properties of the virgin (noncopper-plated) 
wire by an extrapolation technique. Copper plating made the nio- 
bium-tin wires electrically stable enough to characterize, but the 
extra copper also influenced the value of the pre-compressive 
strain (€max); hence the need for extrapolation. We confirmed that 
Emax indeed decreased linearly with increasing niobium fraction. 
However, we found that other parameters such as the matrix 
material and wire diameter also influence Ema. 

The pre-compressive strain for high-niobium-fraction 
wires can be reduced to about 0.1 percent, a very small strain 
window for magnet design. Fortunately, we also found that the 
use of copper alloys, instead of pure copper — along with small 
wire diameters — substantially mitigates the problem and provides 
reasonable strain operating margins in these high performance 
conductors. The data were used by Oxford Superconductor 
Technology to make immediate decisions regarding the conduc- 
tor design for a new NMR system. 

* Copper Stabilizer Improves Coated Superconductors’ 
Strain Tolerance — High-temperature superconductor (HTS) 
wires are now being fabricated in kilometer lengths, providing 
the basis for a new generation of electric power devices, including 
high power-density motors and generators, transmission lines, 
and power conditioners. The development of HTS technology is 
expected to play a crucial role in maintaining the reliability of the 
power grid and upgrading power delivery to core urban areas. 
The most promising superconductor candidate for replacing age- 
ing utility equipment is the highly textured Y-Ba-Cu-O (YBCO) 
compound deposited on buffered flexible metallic substrates. 
These “coated conductors” have a much higher current-carrying 
capacity compared to the Bi-Sr-Ca-Cu-O (BSCCO) tapes now 
commercially available. Whereas BSCCO tapes experience per- 
manent damage when subjected to axial strains less than 0.2 per- 
cent, we demonstrated last year that the formation of cracks in 
the new YBCO system does not commence until subjected to 
strains higher than 0.38 percent, almost a two-fold increase in 
strain tolerance. This resilience of YBCO to strain 15 providing a 
strong motivation to produce commercial lengths of this “second 
generation" conductor, especially for the design of electric gen- 
erators for which strain tolerance requirements have been raised 
to 0.4 percent. 

This year, we found that adding a Cu layer to the YBCO 
coated-conductor architecture extends the irreversible strain limit 
(eirr) of this composite even further, from 0.38 percent to more 
than 0.5 percent. This markedly widens the strain window for 
coated-conductor applications and takes it beyond even the most 
demanding benchmark for large-scale superconducting genera- 
tors. These measurements were undertaken in close collaboration 
with conductor manufacturers American Superconductor 
(Westborough, MA) and SuperPower (Schenectady, NY), who 
are incorporating the stabilizer layers either by Cu-lamination or 
Cu-plating. The original motivation for adding the Cu layers was 
to improve the electric and thermal stability of the conductor; the 
strain-tolerance dividend was unexpected. We can relate this 
remarkable result to the mismatch of thermal contraction 
between Cu and the other components of the composite. During 
sample cooling from processing temperatures to the cryogenic 
operating temperatures, the Cu layer exerts an additional pre- 
compressive strain on the YBCO film, and hence extends the 
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irreversible strain Eirr where permanent damage occurs. The Cu 
may also be acting as a crack arrester, which further improves the 
strain tolerance. 


Normalized critical current density as a 
function of mechanical tensile strain 
for unlaminated and Culaminated 
YBCO coated conductor. The Cu stabi- 
lization layer extends the irreversible 
strain limit Є of the composite from 
0.38 percent to more than 0.5 percent. 


Photograph of a new magnetoresistance 
probe designed to investigate carbon 
nanostructures. At the right end of the 
probe, the photo shows the steppermo- 
tor-controlled worm-gear system and 
sample stage, which allow precise angle- 
dependent, high-field measurements. 


* New Magnetoresistance Apparatus to Probe Carbon 
Nanostructures — Electronic properties of materials change 
markedly as their dimensions approach those of a few atomic 
layers. Carbon nanostructures (including graphite sheets, single- 
walled carbon nanotubes, and multi-walled carbon nanotubes) 
are prime examples of such potentially useful materials, although 
some of their very fundamental properties remain controversial. 
Characterization of these structures at high magnetic fields is one 
of the principal methods for determining the existence of ballis- 
tic conduction, for example, which could be the foundation for a 
new generation of nanoelectronic devices. 

We have designed and recently commissioned an appara- 
tus to measure magnetoresistance of these highly directional 
structures in fields up to 18.5 teslas. (For comparison, the earth's 
magnetic field 1s only about 0.05 millitesla.) The apparatus auto- 
matically acquires data as a function of magneticfield magnitude, 
angle, and temperature. It was designed to also be compatible 
with the very-highfield magnet facilities at the National High 
Magnetic Field Laboratory at Florida State University, permit- 
ting the extension of EEEL's measurements to fields up to 30 tes- 
las. Magnetic field mapping has commenced for nanotubes fab- 
ricated at NIST and Rice University as well as for graphitic sheet 
structures manufactured by a nanotechnology research team at 
Georgia Institute of Technology. Magnetic-field angle can be 
varied with a resolution of better than 0.1 degree over a range of 
130 degrees, and sample temperature can be varied over an 
extended range of 4.1 to 120 kelvins, with a stability of better 
than 3 millikelvins at 4.2 kelvins. 
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* Textbook on Cryogenic Measurement Apparatus 
and Methods — A new textbook has been written on experimen- 
tal techniques for cryogenic measurements to be published by 
Oxford University Press. It covers the design of cryogenic meas- 
urement probes and provides cryogenic materials data for their 
construction. Topics include thermal techniques for designing a 
cryogenic apparatus, selecting materials appropriate for such 
apparatus, how to make high-quality electrical contacts to a 
superconductor, and how to make reliable criticalcurrent meas- 
urements. The textbook is written for beginning graduate stu- 
dents, industry measurement engineers, and materials scientists 
interested in learning how to design successful low-temperature 
measurement systems. The appendices are written for experts in 
the field of cryogenic measurements and include electrical, ther- 
mal, magnetic, and mechanical properties of technical materials 
for cryostat construction; properties of cryogenic liquids; and 
temperature measurement tables and thermometer properties. 
These appendices aim to collect in one place many of the data 
essential for designing new cryogenic measurement apparatus. 
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ISOLATION TECHNOLOGIES FOR RELIABLE 
INDUSTRIAL MEASUREMENTS 


National Instruments Corporation 


OVERVIEW 


Voltage, current, temperature, pressure, strain, and flow 
measurements are an integral part of industrial and process con- 
trol applications. Often, these applications involve environments 
with hazardous voltages, transient signals, common-mode volt- 
ages, and fluctuating ground potentials capable of damaging 
measurement systems and ruining measurement accuracy. То 
overcome these challenges, measurement systems designed for 
industrial applications make use of electrical isolation. This 
white paper focuses on isolation for analog measurements, pro- 
vides answers to common isolation questions, and includes 
information on different isolation implementation technologies. 


UNDERSTANDING ISOLATION 


Isolation electrically separates the sensor signals which 
can be exposed to hazardous voltages (Hazardous Voltages are 
greater than 30 Vrms, 42.4 Vpk or 60 VDC), from the measure- 
ment system's low-voltage backplane. Isolation offers many 
benefits including: 

* Protection for expensive equipment, the user, and data 
from transient voltages 

* Improved noise immunity 

* Ground loop removal 

* Increased common-mode voltage rejection 

Isolated measurement systems provide separate ground 
planes for the analog front end and the system backplane to sep- 
arate the sensor measurements from the rest of the system. The 
ground connection of the isolated front end 15 a floating pin that 
can operate at a different potential than the earth ground. Figure 
] represents an analog voltage measurement device. Any com- 
mon-mode voltage that exists between the sensor ground and 
the measurement system ground is rejected. This prevents 
ground loops from forming and removes any noise on the sen- 
sor lines. 


Analog Front End 


Analog Signal 





== Earth Ground 
Figure 1. Bank Isolated Analog Input Circuitry 


NEED FOR ISOLATION 


Consider isolation for measurement systems that involve 
any of the following: 

* Vicinity to hazardous voltages 

* [ndustrial environments with possibility of transient 
voltages 

* Environments with common mode voltage or fluctuat- 
ing ground potentials 

* Electrically noisy environments such as those with 
industrial motors 

* Transient sensitive applications where it is imperative to 
prevent voltage spikes from being transmitted through the meas- 
urement system 

Industrial measurement, process control, and automotive 
test are examples of applications where common-mode volt- 
ages, high voltage transients, and electrical noise are common. 
Measurement equipment with isolation can offer reliable meas- 
urements in these harsh environments. For medical equipment 
in direct contact with patients, isolation is useful in preventing 
power line transients from being transmitted through the equip- 
ment. 


Based on your voltage and data rate requirements, you 
have several options for making isolated measurements. You can 
use plug-in boards for laptops, desktop PCs, industrial PCs, 
PXI, Panel PCs, and CompactPCI with the option of built-in iso- 
lation or external signal conditioning. Isolated measurements 
can also be made using programmable automation controllers 
(PACs) and measurement systems for USB. 
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Figure 2. Isolated Data Acquisition Systems 
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METHODS OF IMPLEMENTING ISOLATION 


Isolation requires signals to be transmitted across an iso- 
lation barrier without any direct electrical contact. Light emit- 
ting diodes (LEDs), capacitors, and inductors are three com- 
monly available components that allow electrical signal trans- 
mission without any direct contact. The principles on which 
these devices are based form the core of the three most common 
technologies for isolation — optical, capacitive, and inductive 
coupling. 


OPTICAL COUPLING 


LEDs produce light when a voltage is applied across 
them. Optical isolation uses an LED along with a photo-detec- 
tor device to transmit signals across an isolation barrier using 
light as the method of data translation. A photo-detector 
receives the light transmitted by the LED and converts it back to 
the original signal. 





Figure 3. Optical Coupling 


Optical isolation is one of the most commonly used 
methods for isolation. One benefit of using optical isolation is 
its immunity to electrical and magnetic noise. Some of the dis- 
advantages include transmission speed, which is restricted by 
the LED switching speed, high-power dissipation, and LED 
wear. 


CAPACITIVE COUPLING 


Capacitive isolation is based on an electric field that 
changes based on the level of charge on a capacitor plate. This 
charge is detected across an isolation barrier and is proportion- 
al to the level of the measured signal. 








AC 


Figure 4. Capacitive Isolation 
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One advantage of capacitive isolation is its immunity to 
magnetic noise. Compared to optical isolation, capacitive isola- 
tion can support faster data transmission rates because there are 
no LEDs that need to be switched. Since capacitive coupling 
involves the use of electric fields for data transmission, it can be 
susceptible to interference from external electric fields. 


INDUCTIVE COUPLING 


In the early 1800s, Hans Oersted, a Danish physicist, dis- 
covered that current through a coil of wire produces a magnetic 
field. It was later discovered that current can be induced in a 
second coil by placing it in close vicinity of the changing mag- 
netic field from the first coil. The voltage and current induced in 
the second coil depend on the rate of current change through the 
first. This principle is called mutual induction and forms the 
basis of inductive isolation. 


Ra 





Figure 5. Inductive Coupling 


Inductive isolation uses a pair of coils separated by a 
layer of insulation. Insulation prevents any physical signal trans- 
mission. Signals can be transmitted by varying current flowing 
through one of the coils, which causes a similar current to be 
induced in the second coil across the insulation barrier. 
Inductive isolation can provide high-speed transmission similar 
to capacitive techniques. Because inductive coupling involves 
the use of magnetic fields for data transmission, it can be sus- 
ceptible to interference from external magnetic fields. 


ANALOG ISOLATION AND DIGITAL ISOLATION 


Several commercial off-the-shelf (COTS) components 
are available today, many of which incorporate one of the above 
technologies to provide isolation. For analog input/output chan- 
nels, isolation can be implemented either in the analog section 
of the board, before the analog-to-digital converter (ADC) has 
digitized the signal (analog isolation) or after the ADC has dig- 
itized the signal (digital 1solation). Different circuitry needs to 
be designed around one of these techniques based on the loca- 
tion in the circuit where isolation is being implementing. You 
can choose analog or digital isolation based on your data acqui- 
sition system performance, cost, and physical requirements. 
Figure 6 shows the different stages of implementing isolation. 
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Figure ба. Analog Isolation 
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Figure 6b. Digital Isolation 


The following sections cover analog and digital isolation 
in more detail and explore the different techniques for imple- 
menting each. 


ANALOG ISOLATION 


The isolation amplifier is generally used to provide isola- 
tion in the analog front end of data acquisition devices. “ISO 
Amp” in Figure 6a represents an isolation amplifier. The isola- 
tion amplifier in most circuits 1s one of the first components of 
the analog circuitry. The analog signal from a sensor is passed 
to the isolation amplifier, which provides isolation and passes 
the signal to the analog-to-digital conversion circuitry. Figure 7 
represents the general layout of an isolation amplifier. 
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Figure 7. Isolation Amplifier 


In an ideal isolation amplifier, the analog output signal is 
the same as the analog input signal. The section labeled “isola- 
tion" in Figure 7 uses one of the techniques discussed in the pre- 
vious section (optical, capacitive, or inductive coupling) to pass 
the signal across the isolation barrier. The modulator circuit pre- 
pares the signal for the isolation circuitry. For optical methods, 
this signal needs to be digitized or translated into varying light 
intensities. For capacitive and inductive methods, the signal is 
translated into varying electric or magnetic fields. The demodu- 
lator circuit then reads the isolation circuit output and converts 
it back into the original analog signal. 

Because analog isolation is performed before the signal 
is digitized, it is the best method to apply when designing exter- 
nal signal conditioning for use with existing non-isolated data 
acquisition devices. In this case, the data acquisition device per- 
forms the analog-to-digital conversion and the external circuitry 
provides isolation. With the data acquisition device and external 
signal conditioning combination, measurement system vendors 
can develop general-purpose data acquisition devices and sen- 
sor-specific signal conditioning. Figure 8 shows analog isolation 
being implemented with flexible signal conditioning that uses 
isolation amplifiers. Another benefit to isolation in the analog 
front end is protection for the ADC and other analog circuitry 
from voltage spikes. 
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Figure 8. Use of Isolation Amplifiers in Flexible Signal Conditioning Hardware 


There are several options available on the market for 
measurement products that use a general-purpose data acquisi- 
tion device and external signal conditioning. For example, the 
National Instruments M Series includes several non-isolated, 
general-purpose multifunction data acquisition devices that pro- 
vide high-performance analog I/O and digital I/O. For applica- 
tions that need isolation, you can use the NI M Series devices 
with external signal conditioning, such as the National 
Instruments SCXI or SCC modules. These signal conditioning 
platforms deliver the isolation and specialized signal condition- 
ing needed for direct connection to industrial sensors such as 
load cells, strain gages, pH sensors, and others. 


DIGITAL ISOLATION 


Analog-to-digital converters are one of the key compo- 
nents of any analog input data acquisition device. For best per- 
formance, the input signal to the analog-to-digital converter 
should be as close to the original analog signal as possible. 
Analog isolation can add errors such as gain, non-linearity and 
offset before the signal reaches the ADC. 

Placing the ADC closer to the signal source can lead to 
better performance. Analog isolation components are also cost- 
ly and can suffer from long settling times. Despite better per- 
formance of digital isolation, one of the reasons for using ana- 
log isolation in the past was to provide protection for the expen- 
sive analog-to-digital converters. As ADC prices have signifi- 
cantly declined, measurement equipment vendors are choosing 
to trade ADC protection for better performance and lower cost 
offered by digital isolators (see Figure 9). 
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Figure 9. Declining Price of 16-Bit Analog-to-Digital Converters 


Graph Source: National Instruments and a Leading ADC Supplier 
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Compared to isolation amplifiers, digital isolation com- 
ponents are lower in cost and offer higher data transfer speeds. 

Digital 1solation techniques also give analog designers 
more flexibility to choose components and develop optimal ana- 
log front ends for measurement devices. Products with digital 
isolation use current- and voltage-limiting circuits to provide 
АРС protection. Digital isolation components follow the same 
fundamental principles of optical, capacitive, and inductive cou- 
pling that form the basis of analog isolation. 

Leading digital isolation component vendors such as 
Avago Technologies, Texas Instruments and Analog Devices 
have developed their isolation technologies around one of these 
basic principles. Avago Technologies offers digital isolators 
based on optical coupling, Texas instruments bases its isolators 
on capacitive coupling, and Analog Devices isolators use induc- 
tive coupling. 


OPTOCOUPLERS 


Optocouplers, digital isolators based on the optical cou- 
pling principles, are one of the oldest and most commonly used 
methods for digital isolation. They can withstand high voltages 
and offer high immunity to electrical and magnetic noise. 
Optocouplers are often used on industrial digital I/O products, 
such as the National Instruments PXI-6514 isolated digital 
input/output board (see Figure 10) and National Instruments 
PCI-7390 industrial motion controller. 


t 








Figure 10. Industrial Digital 1/0 Products Use Optocouplers 


For high-speed analog measurements, optocouplers, 
however, suffer from speed, power dissipation, and LED ware 
limitations associated with optical coupling. Digital isolators 
based on capacitive and inductive coupling can alleviate many 
optocoupler limitations. 


CAPACITIVE ISOLATION 


Texas Instruments offers digital isolation components 
based on capacitive coupling. These isolators provide high data 
transfer rates and high transient immunity. Compared to capac- 
itive and optical isolation methods inductive isolation offers 
lower power consumption. 


INDUCTIVE ISOLATION 

iCoupler technology, introduced by Analog Devices in 
2001, uses inductive coupling to offer digital isolation for high- 
speed and high-channel-count applications. 1Couplers can pro- 
vide 100 Mb/s data transfer rates with 2,500 V isolation with- 
stand; for a 16-bit analog measurement system that implies sam- 
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pling rates in the mega hertz range. Compared to optocouplers, 
iCouplers offer other benefits such as reduced power consump- 
tion, high operating temperature range up to 125°C, and high 
transient immunity up to 25 kV/ms. 

iCoupler technology is based on small, chip-scale trans- 
formers. An iCoupler has three main parts — a transmitter, trans- 
formers, and a receiver. The transmitter circuit uses edge trigger 
encoding and converts rising and falling edges on the digital 
lines to 1 ns pulses. These pulses are transmitted across the iso- 
lation barrier using the transformer and decoded on the other 
side by the receiver circuitry (see Figure 11). The small size of 
the transformers, about three-tenths of a millimeter, makes them 
practically impervious to external magnetic noise. 1Couplers can 
also lower measurement hardware cost by integrating up to four 
isolated channels per integrated circuit (IC) and, compared to 
optocouplers, they require fewer external components. 
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Figure 11. Induction Coupling-Based iCoupler Technology from Analog Devices 


Source: Analog Devices 


Measurement hardware vendors are using iCouplers to 
offer high-performance data acquisition systems at lower costs. 

National Instruments industrial data acquisition devices 
intended for high-speed measurements, such as the isolated M 
Series multifunction data acquisition devices, use iCoupler dig- 
ital isolators (see Figure 12). These devices provide 60 VDC 
continuous isolation and 1,400 Vrms/1,900 VDC channel-to-bus 
isolation withstand for 5 s on multiple analog and digital chan- 
nels and support sampling rates up to 250 kS/s. National 
Instruments C Series modules used in the NI PAC platform, NI 
CompactRIO, NI CompactDAQ, and other high-speed NI USB 
devices also use the iCoupler technology. 





Figure 12. National Instruments Isolated M Series Multifunction DAQ Uses 


SUMMARY 


Isolated data acquisition systems can provide reliable 
measurements for harsh industrial environments with hazardous 
voltages and transients. Your need for isolation is based on your 
measurement application and surrounding environments. 
Applications that require connectivity to different specialty sen- 
sors using a single, general-purpose data acquisition device can 
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benefit from external signal conditioning with analog isolation, 
whereas applications needing lower-cost, high-performance 
analog inputs benefit from measurement systems with digital 
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isolation technologies. 


Isolated Products from National Instruments 





NI Isolated M Series and 5 Series 
AI USB-6218 - Bank tohiad USB multifuncetion DAC 
NI IPCI-6210 - Bank isolated CPA! multifuaction DAQ 
MI PCHI-6i54 - Ch isolated PCIEsimultinecas sampling TAG 


NI CampactDAQO - USB Dati Acquisition System 
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NI CompactRIO - Reconfigurable Embedded Control and 
Acquisition System 
МІ 9203 


NI 9422 - Ch-ch rsolited digital input module 
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NI Compact FieldPoimt - Distributed Programmable 
Automaton Controller 


NI cEP-TC-125 - Ch-Ch isolated (hanmocayple input module 
NI CcFP-AI-118 - Ch-Ch isidated voltage прий middle 
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FALL-OF-POTENTIAL GROUND TESTING, CLAMP-ON 
GROUND TESTING COMPARISON 


Chauvin Arnoux, Inc. 


On April 14, 2002, a ground resistance test was conduct- 
ed to compare the results obtained from the Fall-of-Potential 3- 
Point testing method to the clamp-on testing method. The 
grounding system consisted of four copper clad rods installed in 
an approximate 20 ft square. Three of the rods are 5/8" in diameter 
and 10 ft in length. The fourth rod is 1/2" in diameter and 8 ft in 
length. All rods were coupled together with 3-gauge aluminum 
wire. Figure 1 shows the schematic of the system. 





Figure 1. The Grounding System 


The tests were conducted with the following equipment 
manufactured by AEMC instrument: 

• Model 4500, 4-Point Ground Resistance Tester 

• Model 4630, 4-Point Ground Resistance Tester 

* Model 3731, Clamp-On Ground Resistance Tester. 

Additionally, we used the AEMC Model 5600, a 
micro-ohmmeter to verify the bonding of the aluminum wire 
to the individual ground rods. 

The soil conditions in the test area were predominate- 
ly loam with some gravel. Conditions on the day of the test 
were dry and sunny, some light rain had occurred the previ- 
ous day to the test. Therefore, the soil was somewhat moist 
at the surface. 

The AEMC Model 5600 Micro-Ohmmeter was used 
to measure bonding resistance at each rod and was the first 
test completed. Measurements from each conductor to the 
rod were taken as well as measurements from conductor to 


conductor through the rod and clamp. Readings on rod number 
three ranged from 615 to 733mQ at each bonding point, indicat- 
ing that all connections were good. See Figure 2 for full results. 


Measurement Point 
A to B 
C to B 
A to C 


Resistance 


(uOhms) 


713 
615 
733 





Figure 2. Bonding resistance measurements 


In the first test, the AEMC Model 4500 was used as 3- 
Point ground tester. Rod number three was first disconnected 
from the other rods in the system so that its individual resistance 
could be measured. The X lead was attached to rod number three 
(see Figure 3). The Z lead was attached to an auxiliary electrode 
100 feet away and the Y lead was initially connected to the aux- 
iliary electrode 60 feet away. Readings were taken with the Y 
electrode at 90, 80, 70, 60, 50, 40, 30, 20 and 10 feet. Figure 3 


shows the results of this test. 


Figure 3. Three-Point test connection 
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Ground Resistance 


Figure 4. Model 4500 test results 
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The same test was repeated using the AEMC Model 4630 
fall-of-potential ground tester. The results are shown in Figure 5. 


Ground Resistance 


Figure 5. Model 4630 test results 
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Finally, the AEMC Model 3731 was used to meas- 
ure the resistance at rod number three with all other rods 
detached from it. А temporary cable was installed between 
rod number three and the municipal grounding system, 
thus setting up the required parallel paths necessary for 
accurate measurement using a clamp-on ground tester (see 
Figure 6). Under these conditions, the reading was 84.5Q. 

The results of these tests showed that the clamp-on 
ground tester is indeed an effective tool in measuring 
ground resistance when used under the proper conditions. 
Readings between the clamp-on ground testing and the 
fall-of-potential ground testing method correlate. The 
advantages of using the clamp-on tester were the ability to 
test without disconnecting the rod from service and the 
ability to test without the need for auxiliary ground elec- 
trodes. These two points saved considerable amount of 
time in conducting the test 


Lig Fas 
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INLINE DETECTION, ANALYSIS FIND INVISIBLE 
ELECTRICAL DEFECTS FASTER 


Michael Schmidt, Hyoung Kang and Larry Dworkin, FEI Co., Hillsboro, Oregon; Kenneth Harris and 
Sherry Lee, PDF Solutions, San Jose 


From a yield perspective, the only defects that truly mat- 
ter are those that affect product yield. The rest are just a nui- 
sance and any time spent on them is wasted time. Most inline 
inspection and defect detection methods are focused on visual 
defects, which may or may not affect performance. Correlation 
with product yield is generally not possible until electrical test 
data becomes available after processing is complete. Of course, 
we have learned to make pretty good guesses about which visu- 
al defects are important and which are not based on composition 
and morphology. However, as devices become smaller and new 
processes introduce new structures and materials, an increasing 
fraction of killer defects are non-visual — invisible to conven- 
tional inline inspection technologies. They are primarily found 
only by electrical testing days or weeks after they occur. 

To address these shortcomings, a new inline detection 
methodology has been developed that detects non-visual electri- 
cal defects 10 times sooner than conventional approaches.1 In 
addition, it provides electrical data that may be correlated with 
visual defects to aid in discriminating the killer defects from the 
nuisance defects. Faster defect detection and root-cause analy- 
sis has been shown to shorten process development and yield 
learning cycles, accelerate the ramp to volume, and speed recov- 
ery from yield excursions, bringing new products to market 
sooner and enhancing yield and profitability in high-volume 
production. 

Visual defect detection methods are fast and can be per- 
formed on product wafers at almost any point in the manufac- 
turing process. In comparison, conventional approaches to non- 
visual defect detection are limited in several ways: 

* They typically rely on electrical tests of product wafers 
or SRAM test structures, followed by intensive visual investiga- 
tion and off-line failure analysis. 

* They can only be applied late in the manufacturing 
process. 

* The defects they detect can be difficult to relocate and 
analyze on the product wafer or test structure. 

* SRAM test structures may not be sufficiently sensitive 
to capture small defects. 

* They require a large number of wafers to provide statis- 
tically significant results at the few ppb level required to assure 
stable yields at 90 nm and beyond. 

* Failure analysis in a lab outside the fab can take many 
days. 

The new technique addresses these limitations.2 It com- 
bines fast, in-fab electrical testing on specially designed short- 
flow test wafers with automated focused ion beam (FIB) and 
scanning electron microscope (SEM) analysis to provide action- 
able failure analysis results in hours rather than days (Fig. 1). 


pdFasTest m 
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1. Short-flow test methodology combines in-fab electrical testing of specially designed 
short-flow test wafers with FIB/SEM analysis to provide actionable failure analysis in hours 
rather than days or weeks. 





METHODOLOGY 


Test wafers, known as characterization vehicles (CVs), 
contain test structures specifically designed to be sensitive to 
design-process interactions that impact product yields. The CVs 
contain structures customized for specific processes or process 
modules. CVs cover most front-end-of-line (FEOL) and back- 
end-of-line (BEOL) issues, and can provide comprehensive cov- 
erage of systematic and random defect mechanisms with statis- 
tical sensitivity in the 1-3 ppb failure range using only three to 
six wafers. Moreover, because the CVs are short-flow test chips 
designed to be manufactured in days (compared with months in 
the case of full-flow product wafers), substantially faster learn- 
ing cycles can be realized. 

The dedicated, massively parallel tester 1s specifically 
designed for use with the CVs in the cleanroom, and is 10-15 
times faster than current generation parametric testers. 
Electrical test data is automatically sent to a comprehensive 
analysis software, which provides detailed characterization of 
the process defectivity modes. The program correlates electrical 
data with any available visual defect data, and allows the oper- 
ator to select and categorize defects based on a wide variety of 
attributes. The program exports selected defect data and loca- 
tions through a file-based interface. 
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2. The location of the break in this long chain via structure is easy to see with voltage con- 
trast imaging. The change in surface potential affects the strength of the secondary electron 
signal from which the image is formed, permitting the operator to quickly find and mark 
the exact location of selected defects. 


When electrical testing is complete, the wafer and device 
under test (DUT) location data that contains the defect are trans- 
ferred to an inline, full-wafer dual-beam FIB/SEM for detailed 
characterization of selected defects. Dual-beam defect analysis 
uses the FIB to cut cross-sections through selected defects, 
revealing subsurface structure for high-resolution imaging with 
the SEM. The ion and electron beams are configured so that the 
SEM can image the FIB cross-section after it is milled. The 
automated high-speed stage quickly and accurately positions 
defects for cross-sectioning and imaging based on the data 
received from the electrical tester. 

The analysis proceeds in two phases. In the first phase, 
the operator uses voltage contrast imaging to identify and refine 
failure locations. Voltage contrast occurs in an SEM image as a 
result of electrical potential differences at the sample surface. 
Charge deposited by the scanning electron or ion beam accumu- 
lates on non-conductive surfaces or on conductive elements that 
are not grounded. The accumulated charge alters the surface 
potential and the strength of the secondary electron signal used 
to form SEM images. Voltage contrast provides a very fast way 
to find shorts and opens in microelectronic circuits. Once a 
defect is located, the dual-beam FIB/SEM automatically mills a 
fiducial marker with the FIB. In this work, we localized open 
defects (>100 M-Q2) and shorts («50 K-Q) at a maximum rate of 
about ten sites per hour. Defect sizes ranged down to 50 nm to 
as large as 40,000 um2. 

In the second phase of the analysis, the dual-beam 
FIB/SEM automatically revisits each marked defect. Using fea- 
ture recognition routines, it locates the previously placed fidu- 
cial marks and mills a precisely placed cross-section through the 
defect, then acquires a high-resolution image of the subsurface 
structure. The system may also alternatively use a slice-and- 
view methodology where a small amount of the wafer surface is 
milled in incremental steps and then imaged after each step. The 
cross-sectioning and imaging operation takes about seven min- 
utes per site. The defect analyzer uploads the images to the 
analysis database in the electrical tester where they are linked to 
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the specific defect. The images can be used along with all other 
attributes stored in the database to prioritize corrective action 
and drive yield improvement. 





3. The defect localized in Figure 2 is shown again here after cross-sectioning. The dual- 
beam FIB/SEM automatically relocates each marked defect, cuts a cross-section and 
acquires images. The cross-sectioning and imaging operation takes about seven minutes per 
site, depending on the number and resolution of the images. 


BEOL MODULE RESULTS 


The BEOL characterization used a three-layer metal CV 
test chip from Metal 1 through Metal 3, including vias. The 
design of the CV included over 1300 product layout variations 
typical of system-on-a-chip (SoC) products. For example, to 
characterize the response to via pitch the test chip includes a 
range of structures with varied pitches and coverage in different 
top and bottom metal. Another set of structures looks for the 
influence of metal topography on upper layer metal shorts. The 
range and distribution of structure parameters are rigorously 
designed to support statistically significant conclusions in the 
ppb failure range required for advanced processes while using 
the minimum number of test wafers. 

After completing the short-flow process and typical 
inline inspection, the BEOL CV was tested in the dedicated 
electrical tester. Electrical testing took approximately three 
hours per 300 mm wafer for all die and structures. The electri- 
cal test data were analyzed by the analysis software to determine 
characterization, including failure rates, yields and spatial pat- 
terns for each structure type in the analysis software. This per- 
mits the development of correlations between defectivity and 
layout attributes, or any other available inspection data. For 
instance, Metal 3 shorts caused by underlying metal topography 
can be analyzed to identify the densities, linewidths and line 
spaces associated with the greatest defectivity. 
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4. This metal short was located with voltage contrast imaging. The dual-beam FIB/SEM can 
immediately cross-section the defect. 


The analysis software can also select only defects that 
were not detected by other inline inspection — non-visual 
defects. Selected sites can then be exported to the defect analyz- 
er for further characterization. Figure 2 shows a voltage contrast 
image of one of the defects selected in Figure 1. Figure 3 shows 
an SEM image of the FIB cross-section of the same defect. A 
metal void in the lower link of the chain is readily apparent. 

The short-flow method can detect shorts as well as opens. 
Generally, opens are located more quickly («2 min/site) than 
shorts («15 min/site). Figure 4 shows a metal short that was iso- 
lated using voltage contrast and FIB techniques. 

The poly module CV characterizes shallow trench isola- 
tion (STD, polysilicon and silicide modules. It includes a vari- 
ety of designed experiments with polysilicon structures over 
both field and active regions, and can provide both functional 
and parametric characterization. Cross-sectioning and imaging 
in the dual-beam FIB/SEM can then help to determine the root 
cause of the defect. 

The FEOL CV performs extensive characterization of 
contacts; in this case, metal contacts to local interconnect. 
Figure 5 shows an FIB cross-section of an open contact. А for- 
eign residue layer was suspected as the cause. Although the 
electrical discontinuity 1s not as obvious in this cross-sectional 
image, the voltage contrast imaging used to locate the defect 
provides hard evidence that the contact 1s open. 

The fraction of defects that cannot be detected by con- 
ventional inspection techniques has increased with each 
decreasing technology node. Conventional methods of detecting 
these non-visual defects cannot be applied until wafer process- 
ing is nearly complete. The delay detecting and analyzing these 
non-visual defects lengthens process development and yield 
learning cycles, slows ramps to volume production, and puts 
substantial work-in-progress at risk in high-volume manufactur- 
ing. 

The technique described, combined with automated 
FIB/SEM defect analysis, can provide an order-of-magnitude 
reduction in non-visual defect detection and analysis times. The 
rigorously designed test structures provide excellent sensitivity 
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5. This open contact was located with voltage contrast imaging. Foreign residue is the sus- 
pected cause. 


across a range of design parameters, with samples sizes suffi- 
cient to support statistically significant assessments at the level 
of a few defects per billion. The technique combines reliable 
detection of killer defects with excellent discrimination against 
nuisance defects. All of these benefits contribute significantly to 
shorter product and process development cycles, faster ramps to 
profitable volume, and faster recovery from yield excursions. 
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WHO SETS THE RULES FOR ELECTRICAL TESTING 


AND SAFETY? 


Fluke Corporation 


ALPHABET SOUP 


There is no question that electrical safety 15 a key concern 
for electricians and engineers, their employers, unions and the 
government. 

Every day, an average of 9,000 workers in the U.S. suffer 
disabling injuries on the job. Insurance industry estimates put 
the direct cost of workplace injuries at more than $40 billion. 
With costs that high, no wonder so many government agencies 
and private groups hold pieces of the safety puzzle. 

To maximize safety for yourself and your team, you need 
a solid understanding of the rules and standards that govern safe 
electrical work. This article will help you cut through the alpha- 
bet soup of safety organization names to see how each plays a 
role in safety. 

We'll check them out in two groups. First, we'll look at 
the government agencies that oversee workplace safety, such as 
the U.S. Occupational Safety and Health Administration 
(OSHA) and the National Institute for Occupational Safety and 
Health (NIOSH). 

Then we'll examine the independent safety and standards 
organizations, including the National Fire Protection 
Association (NFPA), the American National Standards Institute 
(ANSI), the Institute of Electrical and Electronics Engineers 
(IEEE) and the International Electro- Technical Commission 
(IEC). Though they’re not part of government, they too help set 
the rules of the safety game. 
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THE GOVERNMENT AGENCIES 


First, where did OSHA and NIOSH come from, and what 
do they do? 

Both agencies were created by the federal Occupational 
Safety and Health Act of 1970. OSHA is in the U.S. Department 
of Labor and is responsible for developing and enforcing work- 
place safety and health regulations. In addition, many states 
have their own occupational safety agencies that work with 
OSHA and govern workplace safety on the state level. 

NIOSH is an agency of the U.S. Department of Health 
and Human Services, established to help assure safe and health- 
ful working conditions by providing research, information, edu- 
cation, and training in the field of occupational safety and 
health. 

In other words, OSHA sets and enforces the rules, while 
NIOSH provides helpful information on workplace safety. Here 
are some examples: 

Several OSHA regulations have an impact on electrical 
workplace safety. For instance: 

• 29 CFR (Code of Federal Regulations) 1910 Subpart I 
sets standards for Personal Protective Equipment (PPE), includ- 
ing eye and face protection, footwear and protection for electri- 
cal workers, such as insulating blankets, gloves and sleeves. 

* The key electrical safety rules are part of 29 CFR 1910 
Subpart S, including design safety standards for electrical sys- 
tems, safe work practices, maintenance requirements and safety 
requirements for special equipment. This regulation also covers 
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training requirements, sets guidelines for work on energized 
parts, outlines lockout/tagout procedures and provides rules for 
use of PPE in electrical work. The OSHA website provides 
other electrical safety resources. 

While OSHA sets the broad safety agenda, it leaves some 
details to others. For example, the OSHA electrical safety rules 
in 1910 Subpart S specifically refer the reader to NFPA and 
ANSI codes and standards for help in complying with OSHA. 
These include NFPA 70E (Standard for Electrical Safety in the 
Workplace), ANSI/NFPA 70 (National Electrical Code) and oth- 
ers. 

Here's an example of how the standards work together. 
OSHA's safety-related work practice standards in Subpart S do 
not currently address flame-resistant (FR) clothing. However, 
OSHA standard 29 CFR 1910.335 (a)(2)(11) requires use of pro- 
tective shields, protective barriers, or insulating materials to pro- 
tect employees from shock, burns or other electrically related 
injuries while working near exposed energized parts or where 
dangerous electric heating or arcing might occur. Chapter 1 of 
NFPA 70E-2004 contains specific requirements and methodol- 
ogy for hazard assessment and selection of protective clothing 
and other personal protective equipment (PPE). Employers may 
follow NFPA 70E flash-hazard requirements as a way of meet- 
ing the OSHA standard. 


THE KEY DISTINCTION IS THIS: 


OSHA 1910 Subpart S and other OSHA safety and health 
standards are law. Failure to follow these standards could result 
in a citation, a work shutdown, fines or other sanctions. The 
NFPA, ANSI and other standards OSHA refers to, on the other 
hand, are intended as guidelines to safety. 

"We're pointing employers and employees to these docu- 
ments as sources for additional information;" said David Wallis, 
director of the OSHA office of engineering safety. "For safe 
work practices there are some general type requirements in 
OSHA 1910 related to protection from electric shock and elec- 
tric arc hazard. Employers can look toward NFPA 70E for more 
specific information about the kind of equipment they need to 
protect their employees." 

“There is another caveat I might explain,’ Wallis contin- 
ued. “Sometimes OSHA will have a specific requirement not 
contained in NFPA 70E, or where the 70E provision might not 
be quite as stringent. In that case, OSHA would expect employ- 
ers to comply with the OSHA standard. Compliance with NFPA 
70E would not automatically be considered adequate." 


NIOSH: HELPFUL INFORMATION 


While OSHA sets the rules, and sometimes levels penal- 
ties, NIOSH provides useful safety information. A good exam- 
ple is a new 88-page electrical safety handbook, Electrical 
Safety - Safety and Health for Electrical Trades Student Manual, 
available for downloading in portable document format. The 
NIOSH website also provides a number of electrical safety 
alerts, reports and links to other electrical safety resources. 


NFPA ESTABLISHES STANDARDS THROUGH CONSENSUS 


Outside government, a key player in establishing electri- 
cal safety practices is the nonprofit National Fire Protection 
Association. The NFPA sets and updates more than 300 safety 
codes and standards, covering everything from building con- 
struction to connectors for fire hose. NFPA standards are set 
through consensus, developed by more than 200 committees of 
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volunteers from industry, unions and other interest groups. 
For electrical workplace safety, the key NFPA standard is 
NFPA 70E, Standard for Electrical Safety in the Workplace. The 
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2004 edition was issued by the NFPA Standards Council and 
approved as an American National Standard in February 2004. 
NFPA 70E is written to correlate with the National Electrical 
Code (NEC), which many jurisdictions adopt as part of local 
building codes and regulations. But NFPA 70E focuses on such 
issues as safety-related work practices, maintenance of safety 
equipment, safety requirements for special equipment and safe- 
ty-related installation requirements. It is intended for use by 
employers, employees, and OSHA. 

NFPA 70E uses six categories of hazard and risk for elec- 
trical work, from minus one up to four. As the work environment 
and the type of job become more hazardous, the need for pro- 
tection increases. The standard also makes it clear that test 
equipment N rated and designed for the circuits and environ- 
ments where it will be used, and inspected before each shift N 
is an integral part of the PPE electrical workers must use on the 
job. 

The МЕРА 70E standard provides extensive information 
on what it takes to work safely, and to run an effective electrical 
safety program. It provides guidance on employee training, 
work planning and procedures (including lockout/tagout) and 
use of PPE. Whether you're a professional electrician, an 
apprentice or a supervisor, NFPA 70E is must reading. And 
don't forget, OSHA also refers to NFPA 70E. 


ANSI SETS STANDARDS FOR EQUIPMENT 


The American National Standards Institute (ANSI) also 
plays a role in electrical safety. This private, non-profit organi- 
zation administers and coordinates the U.S. voluntary standard- 
ization and conformity assessment system. And it represents the 
U.S. in international standards organizations, such as the 
International Organization for Standardization (ISO) and the 
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IEC. 

OSHA electrical safety regulation 1910 Subpart S refers 
to several ANSI standards. The key ANSI standards involving 
electrical safety are ANSI C33.27-74 (Safety Standard for 
Outlet Boxes and Fittings for Use in Hazardous Locations) and 
ANSI 582.02 (see below), which provides important safety 
rules for electrical test instruments. ANSI C2-81 (National 
Electrical Safety Code) deals with electric installations of more 
than 1000 volts, an area beyond the scope of this article. 


IEEE HELPS CALCULATE ARC FLASH HAZARD 


Another authority in safety is the Institute of Electrical 
and Electronics Engineers. IEEE 1584*- 2002, Guide for Arc 
Flash Hazard Calculations, does just what its title suggests, pro- 
viding technical information employers can use to determine the 
arc flash hazards present in the workplace. IEEE publishes a 
number of other useful safety standards and practice guides, 
including the twelvevolume IEEE Color Books* series. 


KEY SAFETY RULES FROM INTERNATIONAL PARTNERS 


To make electrical measurements safely, it pays to stretch 
your horizons. Some of the most important safety guidelines for 
electrical measurement have been developed in cooperation 
with the International Electrotechnical Commission (IEC), the 
leading global organization that prepares and publishes interna- 
tional standards for all electrical and related technologies. 

ANSI, the Canadian Standards Association (CSA), and 
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the IEC have created more stringent standards for voltage test 
equipment used in environments of up to 1000 volts. The perti- 
nent standards include ANSI 582.02, CSA 22.2-1010.1 and IEC 
61010. These standards cover systems of 1000 volts or less, 
including 480-volt and 600-volt, three-phase circuits. For the 
first time, these standards differentiate the transient hazard by 
location and potential for harm, as well as the voltage level. 

In addition, the 2000 edition of IEC 61010 requires that 
multimeters and similar equipment shall not cause a shock, fire, 
arcing or explosion hazard even if subjected to operator error 
(for instance, connecting the meter to an energized circuit when 
set to the ohms position). Fluke meters not only protect the user 
in such circumstances N they also protect themselves, and keep 
working. ANSI and CSA are now in the process of adopting 
these more stringent IEC standards. 

These standards establish an important four-category sys- 
tem for rating the electrical hazards electricians face when tak- 
ing measurements on so-called *low voltage" equipment N up 
to 1000 volts. 

ANSI, CSA and IEC define four measurement categories 
of over-voltage transient impulses (voltage spikes). The rule of 
thumb is that the closer the technician is working to the power 
source, the greater the danger and the higher the measurement 
category number. Lower category installations usually have 
greater impedance, which dampens transients and helps limit 
the fault current that can feed an arc. 

* CAT (Category) IV is associated with the origin of 
installation. This refers to power lines at the utility connection, 
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as well as the service entrance. It also includes outside overhead 
and underground cable runs, since both may be affected by 
lightning. 

* CAT III covers distribution level wiring. This includes 
480-volt and 600-volt circuits such as 3-phase bus and feeder 
circuits, motor control centers, load centers and distribution 
panels. Permanently installed loads are also classed as CAT III. 
CAT III includes large loads that can generate their own tran- 
sients. At this level, the trend to using higher voltage levels in 
modern buildings has changed the picture and increased the 
potential hazards. 

* CAT II covers the receptacle circuit level and plug-in 
loads. 

* CAT I refers to protected electronic circuits. 

Some installed equipment may include multiple cate- 
gories. A motor drive panel, for example, may be CAT III on the 
480-volt power side, and CAT I on the control side. 

A higher CAT number refers to an electrical environment 
with higher power available and higher-energy transients. This 
is a key principle to understand when it comes to choosing and 
using test instruments. A multimeter designed to a CAT III stan- 
dard can resist much higher-energy transients than one designed 
to CAT II standards. Within a category, a higher voltage rating 
denotes a higher transient withstand rating; e.g., a CAT III-1000 
V meter has superior protection compared to a CAT III-600 V 
rated meter. 


Independent testing labs 
help ensure safety compliance 
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TRANSIENT PROTECTION 


The real issue for meter circuit protection is not just the 
maximum steady state voltage range, but a combination of both 
steady state and transient overvoltage withstand capability. 
Transient protection is vital. When transients ride on high ener- 
gy circuits, they tend to be more dangerous because these cir- 
cuits can deliver large currents. 

If a transient causes an arcover, the high current can sus- 
tain the arc, producing a plasma breakdown or explosion, which 
occurs when the surrounding air becomes ionized and conduc- 
tive. The result 1s an arc blast, a disastrous event which causes 
numerous injuries every year. 

The concept of categories is not new and exotic. It is sim- 
ply an extension of the same common-sense concepts that peo- 
ple who work with electricity professionally use every day. It's 
another tool you can use to better understand the hazards you 
face on the job, and work safely. 

АП of the regulations we have covered are built in the 
same way. They grow from experience, and they are based on 
experience and sound, common-sense principles. No tool, how- 
ever, can do the job alone. It's up to you, the user, to learn these 
safety regulations and standards, and use them effectively on the 
job. 

After all, it’s your safety at stake. Read up, and work 
safely. 


You want your tools and equipment to help you work safely. But how do you know that a tool 
designed to meet a safety standard will actually deliver the performance you are paying for? 


Unfortunately it's not enough to just look on the box. The IEC (International Electrotechnical 
Commission) develops and proposes standards, but it is not responsible for enforcing the 
standards. Wording like "Designed to meet specification ..." may not mean a test tool actually 
performs up to spec, Designer's plans are never a substitute for an actual Independent test, 


That's why independent testing is so important. To be confident, check the product for the symbol 
and listing number of Underwriters Laboratories (UL), the Canadian Standards Association (CSA), 
TtV or another recognized testing organization, Those symbols can only be used if the product 
successfully completed testing to the agency's standard, which is based on national/international 
standards. That is the closest you can come to ensuring that the test tool you choose was actually 


tested for safety. 
What does the CE symbol indicate? 


A product is marked CE (Conformité Européenne) to show it conforms to health, safety, 
environment and consumer protection requirements established by the European Commission. 
Products from outside the European Union cannot be sold there unless they comply with applicable 
directives. But manufacturers are permitted to self-certify that they have met the standards, issue 
their own Declaration of Conformity, and mark the product "CE." The CE mark is nor, therefore, а 


guarantee of independent testing. 
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Electrical safety rules and standards: Who does 
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* Adopted both directly and indirectly in many U.S. and international 
jurisdictions. ANSI/IEEE C2 is typically adopted by state or local public 
utility commissions. 





70 


Electrical Maintenance Handbook - Vol. 8 


COMPARATIVE CORROSION AND CURRENT BURST 
TESTING OF COPPER AND ALUMINUM ELECTRICAL 
POWER CONNECTORS 


Ron Frank, Eng., Member, IEEE, Canadian Copper and Brass Association and Chris Morton, P.Eng., 
Member, IEEE, Powertech Labs Inc. 


Abstract — Crimped and mechanically bolted aluminum 
and copper connectors are commonly used for terminating 
industrial electrical power cables with ratings up to 600 V. 
Aluminum connectors are available for use with aluminum or 
copper conductor, and copper connectors are available for use 
with copper conductor only. 

The performance of copper and aluminum connectors 
was compared by conducting accelerated aging under corrosive 
environmental conditions. The testing consisted of 2,000 hours 
of cyclic salt fog environmental exposure, in conjunction with 
periodic electrical current burst testing. The connectors were 
evaluated by comparing the change in resistance of the test sam- 
ples as the test progressed. 


|. INTRODUCTION 


For industrial and commercial applications, crimped and 
mechanically bolted aluminum and copper connectors are com- 
monly used for terminating power cables. Copper connectors 
are available for use with copper conductor, and aluminum con- 
nectors are available for use with copper and aluminum conduc- 
tor. Test standards for power connectors include CSA C57 and 
ANSI C119.4 500-cycle current cycling tests, which are intend- 
ed to establish long-term performance. 

There are significant differences in the material and elec- 
trical properties of aluminum and copper and their oxides, 
which may affect their long-term performance. 

Aluminum oxidizes readily when exposed to air, and a 
strongly attached, hard outer layer of electrically insulating 
oxide quickly forms around the metal. For this reason, alu- 
minum connectors are usually manufactured with a tin coating 
which is intended to prevent surface oxidation of the connector 
from occurring. Aluminum crimp connectors are also pre-filled 
with oxide inhibiting compound to reduce oxidation between 
the conductor and connector when in service. Aluminum con- 
ductors must always be wire brushed to remove the oxide layer, 
and oxide-inhibiting compound is immediately applied to 
reduce oxidation. 

Copper also oxidizes when exposed to air, but the oxide 
that forms is relatively soft and conductive, although not as con- 
ductive as the base metal. For this reason, copper connectors can 
often be installed without oxide inhibitor. Wire brushing of the 
conductor, although recommended, is not as critical as with alu- 
minum. Copper connectors are often manufactured with a tin 
coating to reduce surface oxidation and discolouration, but they 
are also available without tin coating. 

When copper and aluminum are brought into direct con- 
tact in the presence of moisture, a strong galvanic reaction takes 


place due to the dissimilar properties of the metals. For this rea- 
son, aluminum connectors are not used with copper conductor 
unless an interface material that is more compatible with both 
copper and aluminum is present, such as tin. 

However, tin is also susceptible to oxidation, and if the 
tin layer is compromised, then galvanic corrosion between the 
base metals can still occur. 

The differences in properties of copper and aluminum 
may result in a significant performance difference in the various 
types of electrical connectors when in long-term service. 


Il. OBJECTIVE 


The objective of this study was to compare the contact 
resistance at the junction between the connector and conductor 
under harsh environmental laboratory testing conditions for the 
following material combinations: 

* copper connectors on copper conductor, 

• aluminum connectors on copper conductor, and 

* aluminum connectors on aluminum conductor. 

The connectors, conductor, and oxide inhibitor used to 
make the samples were standard commercially available vari- 
eties obtained from several different manufacturers. 

Manufacturer names are omitted from this paper since 
the intention of the study was not to compare specific manufac- 
turers' products. A variety of commonly available products were 
used so that general conclusions could be drawn. 


111. TEST SAMPLES 


The test samples used in the study were combinations of 
copper and aluminum conductors and connectors, with all com- 
ponents being standard off-the-shelf varieties. Copper conduc- 
tor was bare 19-strand 2/0 AWG, and aluminum conductor was 
18-strand compact 4/0 AWG. Conductor sizes were selected to 
be approximately the same ampacity. Connectors were a combi- 
nation of compression and mechanical bolted type 1-hole lug 
connectors, with a total of ten connectors of each material com- 
bination used. All aluminum compression connectors were tin 
plated and supplied pre-filled with oxide inhibitor. A list of the 
test samples is provided in Table I, and a photograph of the sam- 
ples as received is shown in Fig. 1. 
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TABLE І. CONNECTOR SAMPLES USED FOR THE TESTING 








Figure 1. Connector samples used for corrosion and current burst testing 


A. CONNECTOR INSTALLATION PROCEDURES 


Connectors were installed according to the manufactur- 
er’s recommendations. This included wire brushing the conduc- 
tor, applying an off-the-shelf oxide inhibitor (for aluminum 
mechanical connectors only), and crimping of the compression 
connectors using a standard manual crimping tool. No oxide 
inhibitor was applied to any of the copper-to-copper connec- 
tions. Mechanical connectors were installed using torque levels 
appropriate to the screw size in the clamping mechanism of the 
connector. 


B. CONNECTOR SAMPLE ASSEMBLIES 


Each connector sample was installed on approximately 
0.5 m of conductor, with a current equalizer on the end of the 
conductor opposite each connector. The equalizer was intended 
to provide a solid electrical connection to each strand of the con- 
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ductor, so that current could be applied uniformly to the conduc- 
tor. Welded aluminum equalizers were used on the aluminum 
conductor, and brazed copper equalizers were used on the cop- 
per conductor. Three groups of 10 samples each were connect- 
ed together back-to-back to form three series circuits, which 
were labeled as sample sets ‘A’ (all aluminum), ‘B’ (copper con- 
ductor with aluminum connectors), and ‘C’ (all copper). A pho- 
tograph of a complete connector assembly, with 10 connectors 
and equalizers, is shown in Fig. 2. Control conductors were sub- 
jected to the corrosion and current burst testing along with the 
connector and conductor samples. These consisted of 1 m 
lengths of copper and aluminum bare conductor with no con- 
nector attached. 





Figure 2. Connector sample assembly with equalizers and conductor (copper conductor with 
aluminum connector samples shown). 


IV. TEST PROCEDURES 


The testing consisted of periods of corrosive environmen- 
tal exposure, followed by application of high current. This was 
intended to produce conditions in which connectors that were 
susceptible to corrosion showed an increase in contact resist- 
ance as the testing progressed. 

The cyclic testing was conducted in the following 
sequence: 

• Salt fog corrosion cycling was carried out for 500 hour 
blocks of time. 

* Current burst tests were carried out following each 500 
hour salt fog period. 

* DC resistance readings of each connector were made 
approximately every 170 hours during the corrosion testing, and 
before and after each set of current burst tests. 

* A total of four sets of salt fog and current burst tests 
were conducted, for a total of approximately 2,000 hours of salt 
fog testing. 


A. CORROSION CYCLING 


Connector sample groups were arranged on a three-tier 
PVC rack in an environmental chamber with the conductors and 
connectors oriented horizontally, and the connectors suspended 
in clear air. The positions of the connector sets were exchanged 
periodically so that consistent environmental exposure from 
sample to sample was achieved over the testing period. 

Each 4 hour corrosion testing cycle consisted of the fol- 
lowing steps: 

• Salt fog spray for a period of 1 hour 45 minutes, con- 
sisting of a fine mist of aerated 3% NaCl solution buffered to a 
pH of 5.5 using nitric acid. 
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* Dry heat for a period of 2 hours, reaching a maximum 


of 70°С during the 2 hour period. 
* Clear water rinse for a period of 15 minutes. 


B. CURRENT BURST TESTING 


The reason for conducting current burst testing was to 
encourage accelerated degradation at the connector contact with 
the conductor. For the test, current levels of 1750 Arms for 4/0 
aluminum conductor, and 1800 Arms for 2/0 copper conductor 
were determined to be sufficient to produce the desired effect. 
For each test, the current was held at the required level long 
enough to raise the temperature of the control conductor to 
250°C, as determined by a thermocouple measurement at the 
center of the control conductor span. 

Typically, this required an application of current for 
approximately 50 seconds, starting with a conductor at near 
room temperature. The calculation to determine these levels is 
described in detail in Appendix A. 

Samples were subjected to current burst testing as fol- 
lows: 

* Each set of 10 connectors, which were joined together 
in series, were subjected to current burst testing simultaneously. 

* The control conductor was placed in series with the 
connector assembly. A thermocouple was attached to the center 
of the length of each control conductor to measure the conduc- 
tor temperature during current burst testing. 

* Five short duration bursts of high current were applied 
in succession. The control sample was allowed to cool to 40°С 
or less between each current burst. 

The contact resistance of each connector was measured at 
room temperature using a micro-ohmmeter before and after 
each set of five current burst tests. 


C. DC RESISTANCE MEASUREMENTS 


АП contact resistances were measured on dry samples at 
room temperature (20°С) using a LEM model D3700 
microohmmeter. 

Since resistances were all measured at the same temper- 
ature level, no correction was applied. 

Resistances were measured from the equalizer to the 
body of the connector, so that an average reading was obtained 
for each connector. Four point resistance measurements were 
made to eliminate lead resistance errors, and measurements 
were made at a current level of 10 A DC. 


V. TEST RESULTS 
A. RESISTANCE MEASUREMENTS 


1) Raw Test Data: Bar charts showing all of the measured 
resistances during the testing are shown in Fig. 3 through Fig. 5. 
The resistance values are displayed in chronological order from 
left to right, so that the left-most bar is the reading before test- 
ing, and the right-most bar is the reading after 2000 hours of 
environmental exposure and final current burst testing. 

2) Aluminum Equalizer Failure and Corrected Results: 

During the last set of current burst tests (after 2000 hours 
of corrosion cycling), a problem with the welded aluminum 
equalizers became apparent when one of the equalizers, on sam- 
ple no. A7, was damaged by excessive heating during the first 
current shot. It appeared that some of the welded aluminum 
equalizers were being excessively degraded by the environmen- 
tal exposure. 
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Figure 3. Resistance measurements for all-aluminum connections (Group А). 
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Figure 4. Resistance measurements for aluminum connectors on copper conductor (Group 
В). 
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Figure 5. Resistance measurements for all-copper connections (Group C). 


A current distribution measurement was necessary to 
confirm which equalizers had probably sustained damage. The 
current distribution was determined by measuring the voltage 
drop over a fixed distance on each of the 11 outer strands with 
a fixed DC current of 10 A applied to the entire conductor from 
equalizer to connector. The equalizers with a small variation 
between voltage readings were assumed to have had an evenly 
distributed current, which indicated that the equalizer and con- 
nector were still making a consistent connection. The equaliz- 
er/connector groups with a large variation in voltage had either 
a poor connection at the equalizer, a poor connection at the con- 
nector, or both. A graph of the measured voltage values which 
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have been normalized to the average reading for each equalizer 
is shown in Fig. 6. The results indicated that samples Al, A3, 
А7, A8, and A10 had a poor current distribution, and were sus- 
pected of being damaged. For these samples, the old equalizer 
was cut off, the conductor was thoroughly cleaned and wire 
brushed, and a new equalized connection was made using a new 
aluminum compression connector. The equalizer-to-connector 
resistances were then re-measured for these samples, and a 
small correction was made to compensate for the amount of 
conductor that was cut off. The new values were used as the 
final resistance readings. 

A graph with the corrected measured resistances of the 
aluminum connectors with re-made equalizers is shown in Fig. 
7. For the connectors with re-made equalizers, since the only 
valid readings were made at the beginning and end of the test, 
all other readings were omitted. 
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Figure 6. Current distribution measured by voltage drop along the conductor outer strands. 
Results were normalized to the average voltage for each equalizer. 
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Figure 7. Corrected resistance measurements for all-aluminum connections (Group А). 


В. CONNECTOR APPEARANCE 


1) Aluminum Connectors: The aluminum connectors on 
both the aluminum and copper conductor showed a considerable 
amount of surface corrosion after testing, and a build-up of 
white oxidation. On some of the mechanical connectors, the tin 
plating had flaked off the surface and the underlying aluminum 
showed signs of corrosion. Photographs of the all-aluminum 
connectors before and after testing are shown in Fig. 8, and the 
aluminum connectors on copper conductor are shown in Fig. 9. 

2) Copper Connectors: The copper connectors had a 
duller finish after the testing and showed some signs of surface 
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oxidation, but the tin plating was intact (where present). 
Photographs of the all-copper connections before and 
after testing are shown in Fig. 10. 


VI. DISCUSSION 


The measured resistance values are made up of a combi- 
nation of the equalizer resistance, conductor resistance, and 
connector contact resistance. Since the conductor resistance 
dominates, even significant changes in the connector contact 
resistance may not result in a large change in the overall resist- 
ance reading. By calculating the resistance readings during the 
testing as a percentage of the initial resistance reading, the over- 
all effect can be more easily seen. 

Fig. 11 shows the percent change in resistance for all 
connectors, measured after each current burst test. 

On average, the before-test equalizer-to-connector resist- 
ance readings were approximately 145uQ@ for the aluminum 
conductor samples, and 135uQ for the copper conductor sam- 
ples. Initial contact resistance readings from the conductor to 
the connector were measured at approximately 10-15uQ, or 
approximately 10% of the total resistance reading. 

Assuming that most of the change in resistance during 
the test is due to an increase in connector contact resistance, 
then an increase in equalizer-to-connector resistance of 10% 
would correspond to an increase in connector contact resistance 
of over 10046. On this basis, an increase in the equalizer-to-con- 
nector resistance of 596 may be considered to be significant, and 
an increase of 1096 or more may be considered to be a failure of 
the connector. 


|] 
| 
| 
it 
11 

L| 

й 


— 





|| 


Figure 8. All-aluminum connections before testing (top) and after 2000 hours of environ- 
mental testing (bottom). 
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Figure 9. Aluminum connectors on copper conductor before testing (top) and after 2000 
hours of environmental testing (bottom). 
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Figure 10. All-copper connections before testing (top) and after 2000 hours of environmen- 


tal testing (bottom). 
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Figure 11. Percent change in resistance for all connectors compared to the resistance before 
testing, measured after each set of current burst tests. 


The final results of the corrosion and current burst testing 
are given in Table II, which shows the number of samples of 
each type listed by percent change in resistance over the entire 
testing period. 


Overall resistance change compared to 
Conductor starting resistance: 
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Table Il. Number of samples of each type listed by percent change in resistance during the 
fest 





VII. CONCLUSIONS 


The overall results for each connection type may be sum- 
marized as follows: 

A. Aluminum connectors on aluminum conductor: 

* 40% of the connector samples could be considered to 
have failed (21046 increase). 

* 10% of the samples showed a significant increase in 
resistance (5% to 10% increase). 

• 20% of the samples showed a moderate increase in 
resistance (196 to 596 increase). 

• 30% of the samples showed a decrease in resistance. 

B. Aluminum connectors on copper conductor: 

• 40% of the samples showed a significant increase in 
resistance (5% to 10% increase). 

e 30% of the samples showed a moderate increase in 
resistance (1% to 5% increase). 

• 30% of the samples showed a decrease in resistance. 

C. Copper connectors on copper conductor: 

• 70% of the samples showed a small increase in resist- 
ance (0% to 1% increase). 

• 30% of the samples showed a decrease in resistance. 

The best performance in this 2000 hour corrosion and 
current burst test was attained by the all-copper connectors, 
which showed very little sign of degradation in electrical per- 
formance. 
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APPENDIX A 
DETERMINATION OF CURRENT BURST LEVEL 


A mechanical or compression high current connection 
relies on good asperity contact at the connection interface to 
maintain a low contact resistance. Asperity contact is main- 
tained by the residual contact force on the connector, which 15 
supplied by the screw fitting in a mechanical connector, or the 
residual stress in the deformed metal in a compression connec- 
tor. 

Under corrosive conditions, a poor connection may build 
up insulating oxides in the spaces between the asperities and at 
the edges of the asperities. High level, short duration current 
bursts are applied to the samples for sufficient duration to pro- 
duce elevated temperatures at the asperity interface between the 
connector and conductor. The intention is to produce softening 
or melting of the asperities at the interface during the test. In a 
connector which has a build up of oxides, softening or melting 
at the asperities may cause loss of asperity contact if the resid- 
ual force on the connector is insufficient to re-establish asperity 
contact with the oxide layer present. In an oxide free connec- 
tion, the residual force can actually improve asperity contact 
when the asperities soften, resulting in a lower contact resist- 
ance. 

The objective is to apply current bursts at a level which 
produces interface melting in a contact which has a high enough 
resistance to result in interface softening in the standard CSA 
C57 500-cycle connector test [4]. Therefore, the current pulse 
level is determined as follows. 

According to Holm [2], the voltage drop across a contact 
is given by the following relation. 


U, = 4L(TI – Tg) (1) 


where: 


U, = peak voltage drop across contact 

L = independent constant 2.4 x 10-8 V2K~ 

Тү = absolute temperature (К) of the contact spots in the 

interface 

Tp = absolute temperature (К) of the bulk of the connec- 
tor 

A bulk temperature of 100°C is used in the calculation, 

which is the maximum control conductor temperature 
used in the C57 cycling test. The RMS voltage, U is 
obtained by dividing the peak voltage by v2. 

The magnitude of the current, I, required to produce 
either softening or melting at the interface is given by: 

(2) 


where: 

К = resistance at which either interface softening occurs 
in the C57 test, or melting occurs in the current burst test. 

The current burst levels calculated are given in Table III. 

The calculation indicates that current levels of approxi- 
mately 1800 Arms and 1750 Arms are suitable for copper and 
aluminum respectively. 
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Table 111. Calculated current burst levels 
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CIRCULATING CURRENTS IN STATOR WINDINGS 


David Bertenshaw, John Sutton, ADWEL International Ltd. 


ABSTRACT 


EL CID tests are carried out to determine the integrity of 
the inter-lamination insulation in large stator cores. For the test 
‚Ше stator is excited by a winding that produces a circumferen- 
tial magnetic flux around the core, and the EL CID test equip- 
ment analyses the resultant in-phase and quadrature magnetic 
potential difference values between adjacent stator teeth. The 
PHASE values are normally fairly constant around the core, but 
occasionally there are large and unexpected fluctuations in these 
values. It has been generally assumed that currents do not flow 
in the stator winding during EL CID tests and thus there was no 
satisfactory explanation of the large variations. 

This paper reports on tests on a smaller turbo-generator 
and on a large hydro-generator where, in both tests, very large 
variations in the PHASE values were measured. By analyzing 
the presumed currents in the specific winding configuration, and 
in one test comparing to the same core without a winding, it is 
shown conclusively that in both tests the effect was caused by 
circulating currents induced in the stator winding by the EL CID 
excitation winding. 

It is also shown that circulating currents do not adverse- 
ly affect the uniformity of flux around the core, and that their 
effect on test results is eliminated by a simple analysis method. 
Thus circulating currents do not affect the efficacy of the EL 
CID test. 


LEER | 





Lu Tru]. [ый нА ы 


Fig 1 Eddy currents induced in a laminated core due to damage at the 
base of a slot 





1. INTRODUCTION 


The stator cores of AC electrical machines are built of 
thin laminations of magnetic steel, which are each coated with a 
thin layer of electrical insulation to prevent currents flowing 
between the laminations. If the insulation is damaged, the alter- 
nating magnetic flux through the stator core can cause eddy cur- 
rents to flow between laminations (see Fig.1), leading to local- 


ized heating in the stator core and possible major breakdown. 

It is thus important that the inter-lamination insulation 
remains intact in manufacture and service, and this requirement 
is well known to those involved in generator design and mainte- 
nance. 
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Fig 2 Chattock potentiometer positioned across Fault 


2. PRINCIPLE OF THE EL CID TEST 


The Electromagnetic Core Imperfection Detector test 
[Sutton, 1994] is now used world-wide as a trusted means of 
testing the integrity of inter-laminar insulation. To achieve this, 
the core is excited to a low level (normally 4% of operating flux) 
by a temporary excitation winding through the bore, and the 
fault currents induced in any damaged areas are measured by 
sensing the magnetic fields resulting from them. Since their 
magnetic field extends beyond the surface they can be detected 
by a Chattock potentiometer [Chattock, 1887] applied across the 
teeth of the core. 

The Chattock magnetic potentiometer consists of a flexi- 
ble, uniform, air-cored coil, which measures the magnetic 
potential difference (m.p.d.) between its ends. It is placed across 
the teeth, straddling a slot, and is scanned along the slot. Even 
in the absence of any fault in the core, a large m.p.d., in phase 
with the excitation current, is produced across the slot by the 
excitation current. This component, known as the PHASE 
m.p.d., is normally constant around the core and equal to Iw/N, 
where Iw is the excitation ampere-turns and N the number of 
stator slots. The Chattock also measures the magnetic field 
caused by any current flowing through a fault, such as shown in 
Fig. 2 on the tooth tip. Because of the resistance of the fault cir- 
cuit, the current is substantially in-phase with the fault voltage 
and therefore in phase-quadrature with the excitation current. 
This quadrature (heat producing) component of the fault cur- 
rent, the QUAD m.p.d., is discriminated from the excitation 
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m.p.d. by a phase sensitive detector, using the excitation flux as 
a reference. 


3. CIRCULATING CURRENTS IN WINDINGS 


Whilst it is quite normal to perform the EL CID test with 
the winding installed, it has generally been assumed that cur- 
rents do not flow in the stator winding during the test. This con- 
clusion is based on the expectation that an EL CID excitation 
winding, through the centre of the bore, generates only a cir- 
cumferential flux around the stator core; thus no magnetic flux 
links the stator winding and no currents are induced in it. 

However, there have been a number of unexplained 
results with large variations in PHASE and, to a lesser extent, 
QUAD, m.p.d. around the core, which were initially ascribed to 
extreme nonuniformity of the excitation flux density. If this 
were the case, the reliability of the EL CID test would be in 
question because fault currents are proportional to the local flux 
density. Ridley [Ridley, 2000] reports major circumferential 
variations in PHASE m.p.d. on several hydrogenerators with no 
satisfactory explanation. More recently, tests on a small turbo- 
generator and a large pumped storage hydro-generator, both 
with windings in place, also showed severe variation in PHASE 
m.p.d. around the core, even changing sign in places. In both 
these tests, there was no reason why excitation flux asymmetry 
could be so great that apparently flux reversal was occurring, 
thus it was concluded there must sometimes be substantial cur- 
rents flowing in the windings. 

If the excitation winding is wound through the centre of 
the stator bore, and if the core has a constant magnetic perme- 
ability around its circumference, the magnetic flux from the 
winding should be truly circumferential around the core. This is 
normally the case in tests on motors and turbo-generators. Since 
no net magnetic flux flows up or down the teeth, no flux links 
the stator winding and no currents are induced in it, even if 
closed paths exist. Currents will be induced only if there is 
asymmetry in the magnetic system that causes magnetic flux to 
flow radially, up and down the stator teeth. 

Clearly, circulating currents are possible only if there are 
closed paths within the stator winding, i.e. if each phase has two 
or more parallel windings or if the three-phase windings are 
shorted together at both the neutral and line ends (e.g. through 
earth bonds) during the EL CID test. Parallel windings are 
found in both turbo and especially hydro-generators, and also in 
multi-pole motors, and the potential cause and effects of circu- 
lating currents are given below. 


4. EFFECT ON A TURBO-GENERATOR 


In turbo-generators, magnetic asymmetry is likely only if 
the excitation winding is not wound through the centre of the 
core. In this case, the excitation magnetic field is not circularly 
symmetric, and thus flux will flow up/down some teeth, linking 
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Fig 3 Variations in the PHASE m.p.d. across slots in a turbo-generator. 





the stator windings. 

Large variations in PHASE m.p.d. were initially 
observed, but unexplained, оп a 42MW, 11КУ turbo-generator. 
The line ends of the windings were all bonded to earth, which 
connected the 3 phases in parallel since the neutrals were still all 
joined. The core was initially tested with the excitation winding 
resting against the side of the stator bore at slot 53 (for conven- 
ience since the bore was narrow), which gave dramatic variation 
in the PHASE (and QUAD) m.p.d. around the core. It was sub- 
sequently retested satisfactorily with the excitation winding 
through the centre of 
the stator as normally 
recommended. 

Fig. 3 shows 
the variations in the 
PHASE m.p.d meas- 
ured across the slots. 
(Due to the proximity 
of the excitation 
winding, no values 
were recorded for 
Side Excitation on 
slots 53 and 54). With the central excitation winding, the 
PHASE m.p.d. across each slot was almost constant around the 
core, whereas with the offset excitation winding there were 
large variations, including a substantial region where the m.p.d. 
was negative. Using the insight gained from the hydro-genera- 
tor analysis reported below, the stator winding details were 
obtained, and are plotted graphically in Fig 4. 

This shows by arrows where a phase current flows either 
"up" or “down” the slot, with one or two arrows indicating the 
number of bars carrying the current. For each phase (U, V, W), 
there are 8 slots that carry only the same winding in the same 
direction. Three phases, using the earth bonds as common 
points, the average PHASE m.p.d. around the whole core was 


Average PHASE | 





Table | PHASE m.p.d and 
predicted winding 
currents. 
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Fig 4 Diagram of phase winding layout in turbo-generator core 
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evaluated, and from this, the 
currents flowing in each of the 
three phases were deduced, as 
shown in Table 1. It should be 
noted that the circulating cur- 
rents sum to zero as expected, 
and that the average PHASE 
m.p.d. across the slots agrees 
with the test parameters (Iw /N 
= 8.5A x б turns / 54 slots = 
0.94A). 

The predicted PHASE 
m.p.d was plotted and compared 
with the measurements in Fig 5. 
The good agreement for the 8 
slots per phase where the cur- 
rents were deduced is, of 
course, to Бе expected. 
However, Fig. 5 also shows that the PHASE m.p.d. is closely 
predicted for all other slots. This demonstrates that the hypoth- 
esis that the effect 15 caused by circulating currents is valid. 

Another rigorous experimental and theoretical study 
[Otaka et. al. 2004] also showed that currents can be induced in 
a large turbogenerator stator winding if the EL CID excitation 
winding is not installed through the centre of the stator bore, and 
that these currents are minimized if the excitation winding is 
correctly positioned. 
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Fig.5 Predicted variations in the PHASE m.p.d. across slots in a turbo-generator 
from winding currents. 





5. EFFECT ON A HYDRO-GENERATOR 


Circulating currents in stator windings are more likely in 
hydro-generators because parallel windings are very common, 
and because it is not so straightforward to install the excitation 
through the centre of the bore. If, as 15 often the case, the wind- 
ings are wound close to the bore at a few positions around the 
core, circulating currents may be induced in the stator winding. 
Circulating currents are particularly likely in large hydro-gener- 
ators that are built up from sectors with small gaps between 
them. In the vicinity of such core splits, some of the circumfer- 
ential flux escapes from the main body of the core to cross the 
gap, by flowing up and down the teeth either side of the gap, 
even if the excitation winding is central. This radial flux, up and 
down the stator teeth, links the stator winding and may induce 
significant currents in it. 
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Fig. 6 Average PHASE m.p.d. measured across the slots of a hydro-generator with the stator winding installed. 


Circulating currents may also occur if the test is conduct- 
ed with the rotor still in place. If, for example, a small number 
of poles are removed, then asymmetric flux leakage will occur 
to the remaining poles, potentially inducing currents in any par- 
allel circuits. 

Two EL CID tests [Sutton et. al. 2004] were carried out 
on a large hydro-generator (300MVA, 12kV) with 7 parallel 
windings per phase and 3 core splits. The tests were made both 
before and after the stator windings had been fitted, and in both 
cases the excitation winding had been installed through the cen- 
tre of the stator bore, thereby eliminating one cause of circulat- 
ing currents. Without the stator windings, the measured PHASE 
m.p.d. between adjacent teeth was almost constant around the 
core, in the range 1.0 to 1.3A as expected. (Across the three 
splits the m.p.d. rose to about 10А also in line with expectation). 
With the windings in place, there were large variations in the 
measured PHASE m.p.d. across the slots as shown in Fig. 6, in 
the range ~0.0A to 2.2A, even well away from the splits. These 
were matched by smaller variations in QUAD m.p.d. as shown 
in Fig. 7. 

It was also noticed that variation in PHASE potentials 
seemed to follow similar patterns around each of the three sec- 
tors of the core. This suggested that the effect was linked to the 
stator winding and that currents were flowing in it, contrary to 
expectation. The fact that the only known relevant difference 
between the two tests was that the windings were absent in the 
first test and present in the second, also strongly suggested that 
the large variations in the PHASE m.p.d were caused by cur- 
rents induced in the stator winding. 

To investigate the possibility of induced currents, the 
winding layout was studied in detail. Each of the three phases 
has 7 parallel windings, each with 30 bars (15 turns) in series 
housed in 315 slots. The layout of the three-phase winding in 
slots 150 to 250 is shown by the orange, yellow and blue boxes 
at the foot of Fig. 8. The number at the top of each box shows 
the designation of the parallel winding within each of the three 
phases and the colour of the box its phase. The arrows show 
whether the bars are connected such that the currents flow “up” 
or “down” the slots. 

From Fig. 8 it can be seen that for every parallel section 
of the winding there is always a pair of “соттоп” slots in 
which both the top and bottom bars carry the same current in the 
same direction. 

These common slots are marked by small coloured boxes 
above the main boxes in Fig. 8 and they provide a means of 
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Fig. 8 The various boxes show the phase/ paralla and connection direction, with common рге slots ome терн points — the dot- 
ted line show the measured values and the dotted line the predicted values. 


determining the circulating currents. Since the currents in all 
sections of the stator winding can be determined by measure- 
ments on the common slots, the change in m.p.d. for the other 
slots can be predicted by vector addition of the currents flowing 
in the two bars in each slot. The m.p.d. shown in Fig. 8 are the 
changes in values caused by the presence of the winding and 
hence, according to our hypothesis, produced by currents circu- 
lating in the windings. Hence the total current flowing in each 
of the common slots is equal to the (change in) m.p.d. across 
that slot and the current in each conductor bar is 50% of the total 
current. These currents are printed in the boxes in Fig. 8, for the 
common, and other, slots. The predicted m.p.d, being the vector 
sum of the currents in the two bars in each slot, is shown by the 
dotted black line in Fig. 8. This line is seen to be close to the 
measured m.p.d. (blue circles) for all the slots. Hence the analy- 
sis of the data in Fig. 8 confirms the hypothesis that the varia- 
tion in the PHASE m.p.d. across slots was solely caused by cir- 
culating currents induced in the stator winding by the EL CID 
excitation winding. 

Further proof that currents were induced in the stator 
winding was provided by bending a Chattock potentiometer 
around some of the bars where they emerged from the slots and 
so obtaining a rough measure of currents flowing through them. 
The measured currents ranged from 200mA to 600mA, consis- 
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tent with the values 
n determined by the 
above analysis. 
| | The uniformity 
| of the flux in this core 
| | was confirmed by 
il measuring the voltage 


IH. induced in a single turn 


of wire around the core 
Il close to a gap and then 
I near to the centre of a 
sector. The voltage 


hence the flux in the 
core, was virtually 
identical at the two 
positions. 


6. IMPLICATION FOR 
EL CID TESTS 

It is good prac- 
tice, after setting up an 
EL CID test, to meas- 
ure the PHASE m.p.d 
across a number of 
slots around the bore, 
and to check that they 
are approximately 
equal to the value that 
is normally expected 
(Iw/N). If these values 
are found to vary con- 
siderably, then this 
probably indicates that 
currents are being 
induced in the stator 
windings (rather than 
an inconsistency in the 
stator core or equip- 
ment). 

Circulating currents induced in stator windings need not 
cause a problem in the analysis of EL CID results. This is 
because the currents are constant along the full length of each 
slot and they simply produce a constant signal offset (DC com- 
ponent) in the measured PHASE and QUAD traces. The offset 
in the QUAD m.p.d. is a simple addition/subtraction to all the 
normal values, and may thus be readily removed by using the 
"Remove DC Components" option incorporated into the analy- 
sis software. If this facility is used for the QUAD traces, this 
then allows any localized QUAD change indicative of a fault to 
be assessed. 

To demonstrate the effectiveness of this approach, the 
following graphs in Fig. 9 show traces from four of the slots 
measured on the hydro-generator mentioned above. The traces 
show the QUAD m.p.d. measured before and after the stator 
winding had been installed. For both sets of traces, the EL CID 
analysis software (ELAN) was set to "Remove DC 
Components", thereby eliminating the constant m.p.d. along 
each slot caused by circulating currents. The traces are almost 
identical, demonstrating that the effective analysis of EL CID 
traces for core defects 15 unaffected by winding currents. 

However, it is recommended to arrange the test and exci- 
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Fig. 9 QUAD m.d.p. for four slots of a Hydro-generator with no winding (light traces) and with its winding (dark traces) which was carrying large circulating currents. 


tation to minimize circulating currents as far as possible, for the 
following reasons: 

* [t is good practice to reduce disturbing “noise” in any 
measurement system to maximize the signal quality and integri- 
ty. 

* Local high amplitude PHASE m.p.d. may cause the EL 
CID signal to over-range unexpectedly. Use of a higher current 
range will reduce the sensitivity to all signals. 

• [t is more difficult to reliably set the phase of EL CID's 
Phase Sensitive Detector (Phase Reset"). 

* [t is not possible to observe true QUAD signals during 
a test, since offsets can only be eliminated after the test. 

It is important to ensure that the EL CID Phase Reset is 
done while the Chattock is in a region that is free of circulating 
currents. If this is not done, the Phase Reset will be affected by 
the phase angle of these currents, and genuine core fault cur- 
rents may not be fully or correctly resolved. For example, in the 
hydro-generator case above, the phase angle of the circulating 
currents was about 9°, thus if a region with high circulating cur- 
rent had been chosen for a Phase Reset, this offset would have 
been introduced into the EL CID phase reference. In subsequent 
testing 1596 of any PHASE signal would have been resolved as 
a QUAD signal, reducing the QUAD accuracy and potentially 
distorting the QUAD variation with any PHASE variation. 

If a region without circulating currents cannot be found, 
then the Phase Reset may be done with the Chattock in the 
Calibration Unit, or the Chattock held near the energized exci- 
tation winding, away from the core surface. Both these methods 
will lead to a small constant QUAD signal on areas of good 
core, but the phase angle error will be small and any resolution 
error insignificant. The “Remove DC Components" function 
will remove any such constant QUAD signal as well as the 
effects of any circulating currents. 


7. CONCLUSIONS 


In the past, unexpected and unexplained variations have 
been observed in the PHASE m.p.d. measured across stator slots 
during EL CID tests. It had been suggested that the variations 
could be caused by serious non-uniformity of magnetic flux 
around the core, which would cause difficulty in interpreting the 
test results. This paper shows that the variations are caused by 
currents circulating in the stator windings, induced by the EL 
CID excitation winding. These currents can occur both in turbo- 
generators and, more commonly, in hydro-generators, where 
parallel circuits exist or are formed when the phase windings are 
shorted together for the test. Smaller variations and offsets occur 
also in the measured QUAD m.p.d. but do not affect the effica- 
cy of EL CID test results. 

Existing software enables the offsets to be removed and 
the underlying core condition, as expressed by the QUAD 
m.p.d., to be clearly seen. Simple guidelines allow the EL CID 
test to continue be used with confidence. 
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IMPORTANT MEASUREMENTS THAT SUPPORT 
INFRARED SURVEYS IN SUBSTATIONS 


Robert Madding, Infrared Training Center FLIR Systems, Ken Leonard, Carolina Power & Light and Gary 
L. Orlove, Infrared Training Center, FLIR Systems 


You have found a hot spot in a substation with your 
Infrared (IR) camera, also known as a thermal imager. You know 
it is a problem, and you must now determine just how bad it is. 
Does it need to be fixed immediately, or can it wait a few days, 
a few weeks? What other useful information could you measure 
while in the substation? Two very important measurements are 
load and wind speed. Both strongly affect the apparent severity 
of a problem. In a ring-bus, or parallel bus system, knowing the 
current in each side is crucial to making the proper call. This 
paper discusses making these measurements safely using inex- 
pensive instrumentation that is currently available. 

Keywords: Power loss, load correction, infrared surveys, 
infrared, thermography, substation thermography, wind correc- 
поп. 


1. INTRODUCTION 


Substation IR surveys аге an efficient means of identify- 
ing problems under energized operating conditions. There are 
hundreds to thousands of connections in a substation depending 
on its size. Making individual measurements on each one would 
be prohibitively time-consuming. Modern infrared cameras, 
also referred to as thermal imagers do a great job of spotting 
problems when in the hands of the well-trained thermographer, 
one who understands direct and indirect measurement, emissiv- 
ity, distance, load, environmental and other parameters that 
impact what the thermographer sees through the eyes of the IR 
camera or thermal imager. But not every problem needs fixing 
right away. Some can wait; others cannot. After acquiring good 
IR data and finding problems, their severity is the greatest chal- 
lenge facing the thermographer. 

Experience goes a long way in the problem severity 
arena. But measurements that support the thermal imager data 
can be very useful in assessing how bad the problem is. Load is 
crucial. A 45 F temperature rise, direct reading, under 5096 load 
is a much more severe problem than the same temperature rise 
under 90% load. This temperature rise measured in a 10 mph 
wind is much more severe than in no wind. Both wind and load 
effects are discussed in detail in other publications (1, 2, 3). 
Other environmental parameters such as solar load, air temper- 
ature and humidity play lesser, but still important roles. 


2. SAFETY CONSIDERATIONS 


People who walk in the woods have no idea of the power 
stored in the mass of a tree. A lumberjack felling such a tree gets 
a real hint when the tree hits the ground, the earth shakes and a 
large, long dent is left behind. One who cuts this tree into small- 
er sections for firewood and carries them out by hand gets a real 
feeling for the tremendous mass of even a fairly small tree. They 


look harmless, just standing there. But if one falls on you, 
you're dead. 

Electric power also appears harmless. It's not snarling, 
roaring or hissing, all prehistoric danger signals we humans 
have learned to recognize for our survival. Electricity is just 
there, not obviously dangerous. We must learn through training 
how to stay alive in this seemingly benign, but potentially dead- 
ly environment. High voltage is unforgiving. You don't get sec- 
ond chances. 

For substation work, never enter a substation without 
being accompanied by qualified personnel. Always have a tail- 
gate meeting before starting your IR survey. Learn and follow 
their rules. Discuss their problem severity criteria. Wear proper 
safety equipment. Hard hat and safety glasses are universal. 
Some utilities require long sleeve cotton shirts and leather 
shoes. Others may only require short sleeves. Find out clothing 
requirements before you go there. 

Use your senses to get a first reading on the health of the 
substation. Sniff for oil, listen for arcing, look for obvious prob- 
lems, such as a wire on the fence. Use your IR camera, also 
known as a thermal imager to get an initial overview of the sub- 
station. Do a quick look for major problems. If you find a criti- 
cal problem, you may need to “freeze and leave". That 15, freeze 
and save the image, then leave the area to a safe location. The 
substation electrician or qualified host will want to contact the 
proper personnel to take action on such a critical problem. What 
you do not want to do is ask everyone to “come and look at this 
thing that is about to blow up!" 

Usually, you don't want to extend anything above your 
head. We often do this to measure wind speed as the wind speed 
can be different at the target. Get permission from the substation 
qualified person as to where you may perform such activities. 
Let the qualified person open control cabinets and operate any 
controls or buttons. (Often, loads can be read out digitally if you 
know how to access the data.) 

Learn how to do IR surveys in substations. This paper is 
an adjunct to basic substation IR survey training. You should be 
able to identify the components, have a basic understanding of 
their function and purpose, know what to look for, know where 
the indirect measurements are, have a fundamental understand- 
ing of equipment criticality, and know a dangerous situation 
when you see it. 
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Figure 1. Ketrel 3000 pocket weather meter 


3. MEASURING AND CORRECTING FOR WIND SPEED 


The Kestrel 3000 wind meter, Figure 1, is used by many 
thermographers to get wind speed, air temperature, and relative 
humidity. It also gives dew point temperature, wind chill and 
heat index. It is a pocket size instrument and sells for about 
$150. Wind speed can dramatically affect hot spot temperature 
and associated temperature rise. A 3 mph wind can cut the tem- 
perature rise in half from no wind conditions! A simple wind 
speed correction factor doesn't exist as the correction depends 
on the watt loss of the hot spot. Correcting for wind speed on 
"direct" targets can be done using Figure 2, taken from refer- 
ence 1. To do this accurately, you would multiply the resistance 
of the directly read hot spot by load in amps squared to get the 
watts of power (I2R) being dissipated as heat. Figure 2 gives 
three power values, 7.9, 18 and 27 watts. You could roughly 
interpolate between these values. For example, for a resistance 
of 250 micro-ohms, 230 amp load, the power loss is 13.2 watts. 
For a 10 mph wind, the correction is about 3.5. You could mul- 
tiply the measured temperature rise by this value to get the cor- 
rected value. 
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Figure 2. Wind speed correction factor vs. wind speed for various power levels. From refer- 
ence 1. 
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The following considerations are why it is difficult to get 
accurate temperature rise corrections under windy conditions: 

* Considering the uncertainties in emissivity and back- 
ground, your initial temperature estimates can have fairly wide 
error bars. Does it make sense to go to a lot of work to accurate- 
ly correct an already uncertain measurement? 

e Load and wind speed are related. The correction 
depends on load. Do you correct for existing load, or do you 
correct for maximum load? 

* Knowing the wind speed at the component is also prob- 
lematic. The Kestrel does a great job of measuring at its loca- 
tion. But the wind can vary significantly from that point to the 
part in question. 

e What wind speed value do you correct to? You need to 
correct to the minimum wind speed expected under load condi- 
tions, not necessarily zero wind speed. If the wind is always 
blowing, and there are areas where this is the general case, what 
is the lowest value? 

* Getting the connection resistance is problematic. And 
once you know the connection resistance, you already have 
enough information to make a call on severity. 


Our heads were spinning when we realized all the draw- 
backs to wind speed correction. Trying to get accurate wind cor- 
rection on these measurements doesn’t necessarily make a lot of 
sense. But multiplication factors of 3 or 4 are not small correc- 
tions and need to be recognized at some level. Familiarize your- 
self with the chart. Get some idea of the minimum wind speed 
in your area. Recognize that wind can play a major role in cool- 
ing a component. Try to get measurements under minimum 
wind conditions. Avoid doing thermography in high wind con- 
ditions. 

Should you estimate a wind speed correction every time? 
No. If the temperature rise is already fairly high, and the load is 
nominal, you know that at full load and no wind, the tempera- 
ture rise will be significantly higher. Or, if the temperature rise 
is already at the critical level, the correction cannot push it to a 
higher level. 

Wind speed correction is useful for those nominal tem- 
perature rises, like 30? F. This doesn't sound too bad for a direct 
measurement. But if measured in a 10 mph wind, the corrected 
value ranges from about 90? to 120? F, if you are correcting to 
zero wind speed. It is often very important to make a wind speed 
correction estimate. 


4. LOAD MEASUREMENT 


Load (current) is very important for the thermographer. 
Heat is generated in a bad connection by electric current flow- 
ing through a resistance. The power loss can be calculated as 
shown above. It is directly proportional to the square of the load. 
But temperature rise is not directly proportional to the square of 
the load. It follows a more complex pattern as discussed below. 

But if you don't know the load, you can be completely in 
the dark about problem severity. Again, if you find a very high 
temperature rise, one that exceeds the critical or upper limit of 
your severity criteria, you don't need to know the load. For 
problems that uncorrected are not critical, knowledge of the 
load is crucial. You need to know both the actual load and the 
maximum load to do a proper evaluation. 
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Figure 3. LCD readout of amperage on an OCB control panel. 


For a ring bus problem, measuring the load can save 
someone's life. Unfortunately (or fortunately for the utility), we 
did not find a ring bus problem to give as an example in this 
paper. Earlier work (4) prior to our ability to measure the load 
directly in the switchyard, gave an example where 1200 amps 
entered the ring bus, and by calculation we determined 1050 
amps flowed through one leg and only 150 amps flowed through 
the other. If the operators did not know this, they could well 
open the “good” side and attempt to force all 1200 amps down 
the “баа” side. The measured resistance of the bad connection 
that shunted most of the current down the other side was 96,000 
micro-ohms. Opening the good side would cause 
1200X1200X0.0962138,240 watts to be dissipated in the bad 
connection. The result would have been catastrophic. We rec- 
ommend never opening one leg of a ring bus when you know 
you have problems, without first measuring load in both sides of 
the bus. 

How do you get load in a substation? Often, control cab- 
inets have a readout that gives the current for each phase. Figure 
3 gives an example. Or, you may be able to contact the control 
room and get a load reading from them. Basic electricity says 
that all the current that flows into a wire flows out of the wire, 
so this value is valid as long as the conductor doesn't split, as in 
the ring bus example above. When this happens you cannot 
assume a 50/50 split in the current flow. It depends on the resist- 
ances in each side of the parallel circuit. 

For these cases and when no readout is available, you can 
make your own measurement with a portable ammeter on the 
end of a hot stick. We used the Ampstik shown in Figure 4. The 
ammeter attaches to the end of a telescoping hot stick. The read- 
ing is stored and read out when retrieved. Newer models will 
store several readings so you don't have to retrieve the meter 
each time. Figure 4 shows a typical measurement. Proper train- 
ing is required for measuring high voltage live line current. Only 
qualified personnel should do this! 

Figure 5 is the IR image of the B-phase and C-phase of a 
23 KV line side disconnect. The switches have an inverted Y 
configuration, so there is a parallel path between the hinge and 
the jaws. In both cases, the left side hinge 15 hot while the right 
side is cool. We measured the current through each side of each 
phase and found almost all the current was flowing through the 
left side of both the B- and C-phase switches. We interpret this 
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Figure 4. Close-up of the Ampstik and in use to measure one side of a switch. 


as both sides of the hinge are bad on both switches. The right 
side is much worse than the left side, forcing most of the current 
through the left side. We also found the current beginning to 
become imbalanced in the A-phase switch, which may indicate 
an impending problem. We recommended all three switches be 
repaired or replaced. 


Figure 5. Thermogram/photo pair showing problem line side 23 KV OCB switch disconnects 
on B- and Cphases. 
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Once you have determined the load, you need to find 
what percentage of maximum load it represents. To do this, 
divide the measured load by the maximum load and multiply by 
100 to get per cent. 

In this case, we must consider two maximum loads. One 
is a "normal" maximum that can occur daily during hot weath- 
er. The other is a “two feeder" maximum where due to other 
problems two OCBs are fed through these switches. In the fol- 
lowing section, we will use this as an example for load correc- 
tion of temperature rise. 


213 KV Onl Circuit Breaker Line Side Switches 
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tions that will give the thermographer a reasonable idea of the 
multiplication factor to use for full load correction (values of n 
are given in the legend). These are “middle-of-the-road” results 
compared to others referenced above. But they do represent the 
bounds of what we found with our modeling. The factors are not 
small, and like the wind correction can make a huge difference 
in your severity estimates. Figure 6 also shows that performing 
IR surveys under low load conditions leads to greater uncertain- 
ties in predicting the temperature rise at full load conditions. 
As the graph is in log-log format, it is a bit tricky to esti- 
mate the values between 
gridlines. For those mathe- 


X Load matically inclined, you 


Phase Left Side Right Side Total % Load 
[| Amps Amps Amps Normal Max Two Feeder Max can calculate the value as 
275 Amps 575 Amps follows: Multiplier = 
69.8 129.5 199.3 725 385i (1/%load)n. For example, 
! at 50% load, the maximum 
C "m | 37% be (1/0.5)1.6= 21.6=3.03. 





Table 1. Measured current on inverted Y switches, each leg and total. 


5. LOAD CORRECTION 


There have been many attempts to derive a simple load 
correction factor where the temperature rise for a known load is 
multiplied by a number to give the full load temperature rise. In 
this way, the severity of the problem can be evaluated for full 
load conditions. Or, one could calculate the load that would give 
the maximum temperature rise for safe operation. 

The power dissipated as heat equals the square of the 
load times the electrical resistance (P=I2R). One might then 
expect the temperature rise to vary as the square of the load. If 
the load doubled, the power dissipated increased by a factor of 
4, and the temperature rise increased likewise. For heat transfer 
by conduction alone, this is valid. But heat transfer by radiation 
depends on temperature to the fourth power (T4 Stefan 
Boltzmann Law). Convection as well is dependent directly on 
temperature rise only in limited regions. Both play an important 
role in electrical problem heat dissipation. The square assump- 
tion predicts a much too high rise, and should not be used (2, 3). 

One might assume the temperature rise (Delta T) increas- 
es aS some power of the current and so attempt to fit Delta 
T=InR, where the current is raised to the nth power, n being 
determined by fitting data or modeling. Perch-Nielsen et al (3) 
did some experiments and found n varied between 0.6 and 2 
depending on conditions. 

We used the power loss software (5) to calculate the 
effects of changing load for various emissivity targets, air tem- 
peratures and background temperatures. We fit the resulting data 
to the above equation to find n for various conditions. Our mod- 
eling shows there is no single value for n for all cases. There is 
no simple load correction factor. We found a range of exponents 
(n-values) from a high of 1.6 to a low of 1.46. Our modeling 
considered a low emissivity target (minimum of 0.6) to a high 
emissivity target (maximum of 0.95) with an air temperature of 
about 70 F and background temperature ranging from 70 F to - 
13 F. The simulated target was 4" wide by 1” thick by 6" tall. 
The value of n decreases as heat transfer by radiation increases 
due to its non-linear, T4, nature. Strongest radiation occurs for 
high emissivity, low background targets. 

Figure 6 shows our modeled estimates for limiting condi- 


Many calculators have the 
yx function to do this type 
of calculation, but, as 
these are estimates, it is 
simpler to look at the chart and estimate the value. 


-— 
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Figure 6. Load Correction. Multiply temperature rise by factor given at measured % load to 
correct to full load conditions. 


Let's use the load correction chart to estimate the temper- 
ature rise of the hot switch components shown in Figure 5. The 
B-phase shows a 65.5 F rise, the C-phase a 39.4 F rise. Wind 
speed was 0 mph. For the normal full load condition, the load is 
about 7096. The correction factor read from Figure 7 is about 1 
3/4, so the normal full load corrected temperature rises would be 
about 115 Е and 69 F, respectively. For the two-feeder full load 
condition, load is about 40% and correction factors range from 
about 3 3/4 to 4 1/4. Corrected temperature rises are then about 
245 to 278 F for the B-phase and 148 F to 167 F for the C-phase. 
Table 2 summarizes our estimates. 
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B-Phase Initial 
Rise in F Rise in F 
7056 (Normal) 


40% (Two Feeder) 





Table 2. Raw and full-load corrected temperature rises. 


These corrected temperature rises give the thermograph- 
er excellent information about what to expect when the load 
goes up. They can be used to help evaluate risk of going to high- 
er loads. 

So, even though we still don’t have the complete story on 
load correction, we strongly recommend thermographers con- 
sider the range of values for temperature rise that could be real- 
ized as the load increases. The load correction curves are for 
zero wind conditions. Trying to correct both for wind and load 
can be problematic, as they are related. We recommend not per- 
forming IR surveys in low load, windy conditions. You will miss 
some problems, and correcting for those you do find can be dif- 
ficult. If you must go out in those conditions, plan to return as 
soon as the wind goes down and/or the load goes up. 


6. SUMMARY 


Wind speed and load are two important measurements in 
addition to your IR camera or thermal imager data when work- 
ing on electrical systems. Though written with substations in 
mind, the work is equally valid for other areas such as distribu- 
tion and transmission lines. 

Measuring wind speed and load in a substation is a lot 
easier than correcting temperature rise data for them. This paper 
shows the correction factors in both cases are large, so even 
though we do not have all the answers at this point, the wise 
thermographer will do well to consider their significance. 
Further research and experimentation needs to be done to help 
quantify these factors and provide thermographers with even 
better correction tools. Be very wary of simple wind or load cor- 
rection factors. They don't exist at this time. 

For a ring bus, or parallel circuits, problems found with 
IR should be backed up with load measurements of each paral- 
lel leg. It can occur that a major problem is shunting so much 
current it appears cool whilst a smaller problem in the other leg 
shows hot due to the high load it is carrying from the shunted 
current. Safe practice says measure the load and be sure. The 
switch example illustrates this, though safety was not an issue in 
this regard as both legs of the switch would open at the same 
time. 


C-Phase Initial 


115 69 
245-278 
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C-Phase Corrected 
Rise in F 


B-Phase Corrected 
Rise in F 


148-167 
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USE OF AN ISOLATION TRANSFORMER WHILE 
PERFORMING LINE LEAKAGE OR FUNCTIONAL 
RUN TESTS 


Associated Research, Inc. 


Associated Research strongly recommends the use of an 
isolation transformer or isolated power source for powering up 
the Device Under Test (DUT) when performing the Line 
Leakage or Functional Run tests. This article covers the various 
reasons for isolating the DUT power source during these types 
of tests. 


SAFETY 


First and foremost, we need to always consider minimiz- 
ing the operator risk for electrical shock during any safety test- 
ing. Using an isolation transformer or an isolated power source 
can greatly reduce the potential shock hazard for the operator. 
Some Line Leakage standards direct the operator to cycle the 
power switch of the DUT on and off. Contacting the DUT under 
an open ground condition could expose the operator to a poten- 
tial shock hazard as the enclosure of the DUT can have a volt- 
age induced on it that is referenced to earth ground. This could 
be hazardous since the operator is also grounded. For this rea- 
son, it is suggested that an isolated power source be used to 
power the DUT. If the output of the power source is not earth 
ground referenced, then the shock hazard from contacting the 
case of the DUT and earth ground 15 eliminated. Figure 1 shows 
a circuit that incorporates an Isolation Transformer that is the 
preferred method. The current leakage path to earth ground has 
been eliminated with the use of the isolation transformer. This 
effectively eliminates the shock hazard. 
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Figure 1 
GROUND LEAKAGE 


Every DUT that is powered from AC line power is going 
to have a certain amount of leakage back to earth ground, since 
power distribution systems are ground referenced. 

Much of the leakage seen during a Line Leakage test can 


be due to the distributed capacitance of the DUT and the applied 
voltage. Figure 2, shows a Line Leakage test circuit where the 
neutral is referenced to earth ground. With this configuration 
any internal leakage in the test instrument and fixture is added 
to the leakage of the DUT. 

Since most Line Leakage testers are powered from the 
line there will always be some internal leakage in the Measuring 
Device (MD) circuits. Associated Research has designed our 
testers to minimize the effect of this ground leakage, but it is 
impossible to reduce this leakage to zero without isolating the 
DUT power source. Figure 3 shows the same test circuit but 
incorporates the use of an isolation transformer for DUT power. 

Performing the test in this manner greatly reduces the 
internal leakage making this a more accurate test. 

















Figure 3: Enclosure Leakage Test Isolated Input, The Output of the Isolation Transformer is 
not Referenced to Earth Ground 


OVER-VOLTAGE 


When performing a Line Leakage test, many product 
safety standards require manufacturers to apply a test voltage 
that is equal to 11046 of the specified input voltage for the DUT. 
Obviously if the DUT 15 simply plugged into a wall receptacle, 


then the line voltage is not variable and this requirement cannot 
be met. For this reason, in order to meet this requirement of test- 
ing at a slight over-voltage, the DUT would have to be powered 
by a power source with a variable input. 

NOTE: Many of the diagrams shown in the safety stan- 
dards show the neutral side of the line as a ground reference 
point. This does not mean a connection should be made between 
the neutral and the common earth ground. If you were to con- 
nect the neutral of the power source or isolation transformer to 
earth ground, you would, in effect, be defeating the entire isola- 
tion of the circuit. These illustrations in these specifications 
simply point out that the neutral side of the line is the ground 
reference point for your leakage measurements for some of the 
tests that are required, it is not an earth ground reference. 


TEST INSTRUMENT PROTECTION 


Finally, we are recommending that an isolation trans- 
former or an isolated power source be used as the source of sup- 
ply for powering up the DUT whenever a Functional Run test or 
Line Leakage test is being performed at the same test station as 
the Hipot test. This is a precautionary recommendation to pro- 
vide protection for the Hipot tester that may be inadvertently 
connected to the DUT while line power is applied. It is possible 
that the return circuit on a Hipot tester can be damaged when 
left connected to the DUT during a test when a line-to-ground 
fault condition exists. The return circuits of a Hipot tester are 
not designed to carry the high fault currents that can exist when 
a line-to-ground fault condition occurs during a line powered 
test. In many cases, the return circuit of the Hipot tester may 
actually be the low resistance path for the fault current to flow 
back to ground. 

Another way to avoid this is to always perform the Hipot 
test prior to a Functional Run or Line Leakage test. The 
Functional Run or Line Leakage tests should only be performed 
after a Hipot test has successfully been completed, as the Hipot 
test will detect line-to-ground faults before line voltage is 
applied to the product. In addition, we recommend when using 
multi-functional instruments that include the capability to 
bypass failures on multi-step tests, that this function be de-acti- 
vated so that the instrument will not advance from a failed Hipot 
test into a Run or Line Leakage test where a line to ground fault 
could have caused the Hipot failure. These techniques, in addi- 
tion to the use of an isolated power source, will help to avoid 
blowing fast acting fuses that are built in to the product design 
to protect the instrument from the high in-rush current that can 
result from a line to ground fault. 
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MEASURING MAGNETIC FIELDS 


ELECTRIC AND MAGNETIC FIELDS 


Australian Radiation Protection and Nuclear Agency 


Everything electrical, from a toaster to a high-voltage 
power line, produces electric and magnetic fields. Both the elec- 
tric and magnetic fields are strong close to an operating source. 
The strength of the electric field depends on the voltage and is 
present in any live wire whether an electrical appliance is being 
used or not. Magnetic fields, on the other hand, are produced by 
electric currents and are only present when an appliance is oper- 
ating, 1.e. there is no magnetic field when an electrical appliance 
is turned off. 


HEALTH EFFECTS 


Currently there is no evidence that exposure to electric 
fields is a health hazard (excluding electric shock). Whether 
exposure to magnetic fields is equally harmless, remains an open 
question. A large number of scientific studies performed on ani- 
mals and cells have not found a health risk. Some epidemiologi- 
cal studies, however, have suggested a weak link between intense 
and prolonged exposure to magnetic fields and childhood 
leukaemia. 


MAGNETIC FIELD UNITS 


The strength of the magnetic field 15 expressed in units of 
Tesla (T) or microtesla (uT). Another unit, which is commonly 
used is the Gauss (G) or milligauss (mG), where 1 G is equiva- 
lent to 10-4 T (or 1 mG = 0.1 uT). 


THE GAUSS METER 


There is a range of different instruments that can measure 
the magnetic field strength. The gauss meter is a hand-held 
device that provides a simple way of performing such measure- 
ments. ARPANSA has two different gauss meter models avail- 
able for hire, which are a Teslatronics Model 70 and a Sypris 
Model 4080. Both these instruments operate in a similar manner 
and they are shown in the figure below. 
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Both gauss meters measure alternating fields from 25 Hz 
to 1000 Hz in units of mG. They do not measure and will give 
false readings from mobile phones. Readings taken very close (a 
few cm) to other electronic devices (as distinct from electrical 
devices such as heaters, washing machines etc) may also give 
false readings. Shaking or vibrating either unit may also give 
false readings. Since the meters only measure varying magnetic 
fields, they will not measure the earth's magnetic field which is 
static and has a value of approximately 500 mG. 

When either meter is turned on, it will perform an initial 
self-diagnostic test by showing all available readouts on its digi- 
tal display. Following the initial test, the meter will display the 
magnetic field intensity at the location where it is held or placed 
and the intensity will change if moved accordingly. If the nega- 
tive sign is still showing after the initial test, that indicates that 
the meter is running low on power and the battery needs to be 
replaced. 


PERFORMING MEASUREMENTS 


Measurements of the magnetic field in the home are gen- 
erally taken in the middle of the room at about one metre from 
the ground or in locations where people spend a significant 
amount of time, for example, the bed. Measurements should also 
be performed several times over the course of a day. This is to 
allow for possible variations to electricity demand which pre- 
sumably would peak during the evening at about 7.00 pm. 
Measurements can also be made at any other locations of inter- 
est. 

It is important to remember that, as mentioned earlier, 
research suggests that if any health effects exist, they are associ- 
ated with prolonged magnetic field exposure. Measurements 
taken with the gauss meter are instantaneous (i.e. measured at 
one point in time) and do not accurately reflect prolonged expo- 
sure levels. 


TYPICAL MAGNETIC FIELD STRENGTHS 


Magnetic fields within homes can vary at different loca- 
tions and also over time. The actual strength of the field at a 
given location depends upon the number and kinds of sources 
and their distance from the location of measurement. Typical val- 
ues measured in areas away from electrical appliances are of the 
order of 2 mG. 

Magnetic fields from individual appliances can vary con- 
siderably as well, depending on the way they were designed and 
manufactured. One brand of hair dryer, for example, may gener- 
ate a stronger magnetic field than another. In general, appliances, 
which use a high current (such as those which have an electric 
motor) will lead to relatively high readings. It should also be 
noted that different body parts will be exposed to different mag- 
netic field levels from the same appliance, depending on how far 
that part of the body is from the appliance when in use. Typical 
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values of magnetic fields measured at normal user distance from 
some common domestic electrical appliances are listed in the 
following table. 








Appliance Range of measurements (mG)* 
Electric stove 2-30 
Refrigerator 2-5 
Electric kettle 2-10 
‘Toastes 2-10 
Television 02-2 
Personal computer 2.20 
Electric blanket 5-30 
Hair dryer I0 - 70 
Pedestal fan 03-2 

HOMES NEAR POWER LINES 


The power lines that are present in typical neighbour- 
hoods are called “distribution” lines and they usually carry less 
voltage than “transmission” lines, which carry very high voltages. 
As stated earlier, however, it is the current and not the voltage that 
is associated with the strength of the magnetic field. Therefore, 
proximity to high-voltage lines will not necessarily give a high 
reading unless those lines are also carrying a large current. 
Typical values of magnetic fields measured near power lines and 
substations are listed in the table below. 


iiia Location af | Range of | 
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HOW THE LOADING OF AN AC/DC TRANSFER 
STANDARD CAN AFFECT YOUR MEASUREMENTS 
OF AC VOLTAGE AND CURRENT 


Neil Faulkner 


AC Voltmeters and AC/DC Transfer Standards can cause 
significant loading errors when measuring many types of 
sources at the mV level and frequencies above 100 kHz and also 
below 100 kHz when used with high resistance current shunts. 
This paper explains the sources of this error, how to measure it 
and some typical loading errors to be expected with Fluke 
AC/DC Transfer Standards. This article is a follow up to a pre- 
liminary paper on this subject given at NCSL 97 and offers 
refinements and new information. 


AC/DC TRANSFER STANDARD 








SOURCE 


Figure 1. Typical Situation where Loading of a 50 Ohm Source Can Occur 


AC/DC TRANSFER STANDARD 


SOURCE 


OP-AMP 


Figure 2. Simplified Diagram of the Input Amplifier of a Fluke 792A 


INPUT AMPLIFIER 





INTRODUCTION 


In the preliminary рарег(1) on this subject it was 
explained how the input impedance of an AC/DC Transfer 
Standard or AC Voltmeter can sometimes cause a significant 
loading of a 50 Ohm source such as the mV ranges of a meter 
calibrator as shown in Figure 1. 

The calibrator uses a resistive divider to get the mV out- 
put by dividing down a higher voltage. 

The values of the resistors are selected to give a 50 Ohm 
output impedance. When the AC/DC Transfer Standard is con- 
nected to the calibrator out- 
put its input impedance loads 
the 50 Ohms causing the out- 
put, voltage to drop. If the 
input impedance was the 
same at DC and AC, then this 
would not cause a problem, 
assuming the DC also comes 
from a 50 Ohm divider, but 
the input impedance drops 
significantly as the frequen- 
Cy goes up, so this introduces 
an error in the measurement. 
The way the AC/DC Transfer 
Standard is calibrated, this 
loading is not taken into con- 
sideration, so whenever this 
error is significant, a correc- 
tion factor for each range 
and frequency used needs to 
be applied to the measure- 
ment. This is also true for 
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AC Voltmeters. 
] AMPLIFIER 
| RMS CHARACTERISTICS 
| Converter AC/DC Transfer 
Standards and AC 


Voltmeters use an amplifier 
on the mV ranges to boost 
the signal to a level the RMS 
Converter can use. These 
amplifiers have input resist- 
ance and capacitance and 
there is also some circuit 
resistance and capacitance as 
well. The resistance of these 
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amplifiers drops as the frequency goes up, dropping to as low as 
several hundred kOhms at 1 MHz. 

Figure 2 shows a simplified diagram of the amplifier used 
in the Fluke 792A AC/DC Transfer Standard. The input signal 
goes to the positive input of the OP-AMP and there is a 10 
MOhm resistor across it also. This is a JFET input amplifier, so 
at DC the total input resistance is 10 MOhm. There is also a very 
small parasitic capacitance from the output to the input which 
allows some current to flow back to the input. This is positive 
feedback, but the negative feedback through R1 and R2 sets the 
gain and insures good amplifier stability. As the 
frequency goes up, the amplifier resistance goes 
down and the current through the parasitic capaci- 
tance increases. If a frequency is reached where 
this current gets as large as the input current, IIN, 
the input resistance can go to infinity, and above 
this frequency the current will flow out of the 
input instead of into it, which looks like a negative 
resistance. To prevent this, a series RC is placed 
across the input. As the frequency goes up, this RC 
draws more current off the source to counteract the 
current through the parasitic capacitance. This 
keeps the input resistance positive and consistent 
from unit to unit. So this RC is a significant part of 
the input impedance at higher frequencies. 

The Fluke 792A has three mV ranges and 


5.90 | 


input Flos iatarnco MOhm] 
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each has a different input impedance vs frequency | 
and thus different loading. Even though the 220 
mV and 22 mV Ranges use the same input ampli- РАВ 


fier, the loading between the two ranges is differ- 
ent due to changes in the circuit with the change in 
range. 

The 792As produced by Fluke for many 
years used the same type and vendor of OP-AMP 
so the loading was very consistent from unit to 





unit, but then the vendor stopped making the part, = 
so production was switched to a new vendor 

around October of 1994. This new OP-AMP, e 
though the same type, had more parasitic capaci- EM 


tance so the resistance does go to infinity and then 
negative at a frequency below 1 MHz on the 700 a | 


mV Range and the 22 mV Range. This caused the H 

loading on these ranges to change significantly. = д | 

The 220 mV range changed only a little. { + 
Figure 3 shows the input resistance of a typ- J 

ical 792A on the 700 mV Range using the original d. i 


OP-AMP and the one from the new vendor. This | 
shows the input resistance going to infinity at 
about 340 KHz and negative resistance above that. 
Figure 4 shows the correction vs. frequency that 
would be applied. At 1 MHz the correction for the 
unit with negative input resistance has the opposite "BÀ 
sign and nearly the same magnitude as the unit 
with the original OP-AMP. Figure 5 shows the 
input resistance vs frequency for the 22 mV Range 
and Figure 6 the corresponding corrections. Here, 
the frequency where the resistance goes to infinity 
is higher and the correction is much smaller and doesn't change 
sign due to the capacitive loading. 

This new OP-AMP shows no signs of instability even 
though there is enough positive feedback to cause the input 
resistance to go negative. This is because there is enough nega- 
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tive feedback to insure stability at all frequencies and source 
impedances. Also the loading can be measured and corrected for 
just as with the original OP-AMP. 

In October of 1998 the new vendor of the OP-AMP dis- 
continued the part and production was switched to still another 
vendor. The loading with this part is the same as the original 
vendor on the 220 mV and 22 mV ranges, and on the 700 mV 
Range it is a little higher. Several units have been evaluated and 
found to have positive resistance on all ranges and very consis- 
tent loading from unit to unit. 
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Figure 4. 792A Corrections with Different Vendor's OP-AMPs, 600 mV on 700 mV Range 


Figures 7, 8 and 9 show corrections vs frequency plots 
for each 792A Range for three units with the original OP-AMP, 
one unit with the negative resistance OP-AMP and two units of 
the current production. The dashed line in the plots shows the 
792A Specification at each frequency. Since only one unit with 
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negative resistance was available for testing, it is not known how 
the correction varies from unit to unit but for the others these 
plots give an idea of this variation. АП the plots in the previous 
paper(1) were for units with the original OP-AMP. Also in that 
paper were plots for the Fluke 5790A AC Voltage Standard. As 
far as is known, those plots apply for all 5790As produced. 
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Figure 5. 792A Input Resistance with Different Vendor's OP-AMPs, 20 mV on 22 mV Range 
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Figure 6. Corrections with Different Vendor's OP-AMPs, 20 mV on 22 mV Range 


MEASURING THE LOADING 


The loading of a source by a meter can be determined by 
different methods but one in particular appears to be the most 
reliable and is simple to implement. The equipment required for 
this is shown in Figure 10. 

A low output impedance source is connected to the input 
of the 792A or other meter with a 50 Ohm resistor in the HI lead 
right at the point where the 792A would connect to the source it 
will be measuring. This insures that the measured loading 
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includes any cable capacitance that would load the source as 
well as the 792A. A switch right across the resistor allows it to 
be shorted out during the test. The type of 50 Ohm resistor used 
is not critical, any low inductance resistor at 1 MHz will give 
good results like a Carbon Film Resistor. The source needs to be 
low impedance; a 50 Ohm source will give erroneous results due 
to the effect of the shunt capacitance. To get a low 
output resistance at low levels, a resistive divider 
can be built with metal film or carbon film resis- 
tors that has a 1 Ohm output impedance. Only 
short term stability of the divider is needed. 

To make the measurement, set the source to 
the measurement voltage level and frequency with 
the 50 Ohm resistor shorted out. Record the meter 
reading and open the switch and record the read- 
ing. The shift in the reading equals the loading 
and, thus, the correction. 

Another method is to measure the input 
impedance with an RLC Meter. Tests were run 
with the HP 4284A and, in most cases, it gave 
acceptable results for all three vendors of OP- 
AMPs. Best results were obtained with the RLC 
Meter HI connected to the 792A LO and the 
Meter LO connected to the 792A HI. The value of 
resistance in parallel with the capacitance of the 
792A on the 700 mV Range is, at 1 MHz, beyond 
the range of the meter to give accurate measure- 
ments of the resistance. Two different meters were 
tried and one gives a resistance that was twice 
what it should be and the other was much closer. 
This resulted in the correction from the first meter 
to be significantly in error at | MHz but the results 
of the other meter were acceptable. So, a note of 
caution here, check the accuracy of the meter you 
are going to use at the resistance and capacitance 
of the 792A before depending on the results. The 
lower the resistance, the more accurate the meas- 
urement, so the results of both meters were satis- 
factory on the 220 mV Range and the 22 mV 
range. Another caution, have the DC output of the 
792A floating because if it is grounded, there can 
be a ground loop through the 792A back to the 
RLC Meter that will cause a large error at 1 MHz. 

A third method for measuring the loading 
of the 792A, but which will not work in this case 
above 100 kHz, is to connect an AC Voltmeter to 
the output of a 50 Ohm source and then note the 
change in the reading as the 792A is also connect- 
ed to the source. The reason this doesn't work is 
that most AC Voltmeters have higher input capac- 
itance than the 792A and it needs to be lower 
instead for good results. For example, using two 
7924s, one to read the output of the source and the other as the 
Unit Under Test, gives unusable results on the 700 mV and 22 
mV Ranges and a correction on the 220 mV Range that is about 
one third too high. 


LOADING OF CURRENT SHUNTS 


The 792A input resistance can significantly load current 
shunts when the frequency is as low as a few kHz for shunts of 
100 Ohms or more. Figures 11 and 12 show the input resistance 
vs. frequency for a typical unit of all three vendors of OP-AMPs 
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Figure 9. 792A Corrections for a Sample of Units, 20 mV on 22 mV Range 
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for the 700 mV and 220 mV Ranges respectively. 
As can be seen, the input resistance is one half of 
its DC value at 5 kHz and about one forth at 100 
kHz. Figure 13 shows the correction that would 
be required for different values of shunts at 200 
mV using the 792A with the original OP-AMP. 

The loading and corrections can be meas- 
ured using the method shown in Figure 10 and 
described above. Instead of the 50 Ohms, use a 
resistor of the same value as that of the shunt. 

These results show that a higher resistance 
shunt that is going to be used with a 792A to fre- 
quencies above 1 kHz should be calibrated with 
the 792A that it is going to be used with. If that is 
not possible, then the loading effect of the 792A 
that it is calibrated with needs to be subtracted 
out of the results of the calibration and the load- 
ing of the 792A it is going to be used with added 
in. Another approach would be to increase the 
uncertainty of the calibration to account for the 
variation in the loading for 792As. 


SUMMARY 


The input impedance of AC/DC Transfer 
Standards and AC Voltmeters can, in some cases, 
significantly load a 50 Ohm source above 100 
kHz and higher resistance shunts below 100 kHz 
so that corrections for this loading are necessary. 
As shown for the Fluke 792A, this loading can 
vary greatly from unit to unit so the loading must 
be measured for each unit unless it is known that 
a particular model has consistent loading over all 
of the production of that model. A reliable 
method for measuring the loading was given 
from which the corrections can be determined. 
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Figure 11. 792A Input Resistance, 1 kHz to 100 kHz, 600 mV on 700 mV Range 
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Figure 13. 792A Corrections for Loading of Current Shunts, 200 mV on 220 mV Range 





3M Innovation 
3M Canada 
PO Box 5757 
London, Ontario N6A 4T1 
Tel: (800) 3M Helps 
Fax: (519) 452-6286 
E-mail: innovation ? ca.mmm.com 
Web: www.mmm.com 
Description of products/services: 
e Terminations and splices, using Cold Shrink 
Technology,moulded rubber, resin and heat shrink 
* Motor lead connection systems 
• Scotch® vinyl insulation tapes, splicing and terminating 
tapes, corrosion protection sealing and general use tapes 
• Scotchloc® terminal, wire connectors and 
insulation displacement 
connectors, lugs, copper and aluminum connectors 
• Scotchtrak( infrared heat tracers and circuit tracers 
e Fastening products, coatings and lubricants 
* Duct- , packaging, filament-, and masking tapes 
e Abrasive products 
* Personal safety products, sorbents. 
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B.G. High Voltage Systems Ltd. 
] Select Avenue, Units 15 & 16 
Scarborough, ON MIV 5J3 
Tel: (416) 754-2666 ext. 202 
Fax: (416) 754-4607 
E-mail: bert 2 bg-high-voltage.ca 
www.bg-high-voltage.ca 
Contact: B. J. (Bert) Berneche, C.E.T., President 

Description of products/services: B.G. High Voltage 
Systems offers a comprehensive approach to electrical project 
management, providing design, construction and engineering 
services to meet all your requirements. We team up with our 
clients to ensure that all their needs are defined and met at each 
stage of the project. Our experts will coordinate with your engi- 
neering personnel to ensure minimal disruption to facility oper- 
ations. As well as complete electrical project management we 
offer: material procurement, maintenance and training services, 
emergency repair, overhead and underground distribution con- 
struction and engineering, street and parking lot lighting instal- 
lation and maintenance. Now available - Power Quality field 
survey, monitoring and solutionsn to power quality problems. 
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ESA Inc. 

P.O. Box 2110 

Clackamas, Oregon, USA 
97015 

Contact: Sales Department 
Tel# 503-655-5059 

Email: sales@easypower.com 
Web: www.easypower.com 

ESA, the developers of EasyPower, sets the industry stan- 
dard when it comes to power system software. Our one-touch 
automation has redefined how companies manage, design, and 
analyze their electrical power distribution. 

EasyPower's unprecedented technologies make engineering 
simpler, and safer-proving our unyielding commitment to deliv- 
er cutting-edge power system software that complies with 
OSHA, NFPA, NEC, and ANSI regulations, while remaining 
powerful, fast, and inherently easy to use. From plant person- 
nel to the most experienced electrical engineers, EasyPower 
users continually rave about its simplicity and power. 

Organizations throughout the world use our advanced-yet 
simple-software tools to safeguard their valuable resources of 
time, money, and personnel. 

Oil refineries, power utilities, paper and pulp manufactur- 
ers, military installations, and a host of others rely on ESA to 
keep their power systems running safely and smoothly. Our 
products offer solutions for your One-Line Modeling, Short 
Circuit, Arc Flash, Protective Device Coordination, Power Flow, 
Harmonics, Stability needs and more! 

ESA Engineering Services include, but are not limited to: 
Arc Flash Hazard Analysis, Short Circuit Analysis, Power Flow 
Analysis, Power Factor Analysis, Motor Starting Analysis, 
Relay Coordination Analysis, Harmonic Analysis, System 
Stability Analysis, Load Shedding Analysis, Flicker Analysis, 
Reliability Analysis and Surge Protection Analysis. 
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Flir Systems 
5230 South Service Road #125 
Burlington, ON 
Tel: (905) 637-5696 
Fax: (905) 639-5488 
Website: www.flirthermography.com 
FLIR Systems Ltd. (Agema Inframetrics) designs, manu- 
factures, calibrates, services, rents and sells many models of 





infrared imaging cameras and accessories. Complete predictive 
maintenance solutions include the ThermaCam PM 695 radio- 
metric camera with thermaland visual images, autofocus, voice 
and text messaging and of course Reporter analysis software 
with "drag-n-drop" image transfer software. Level's 1, 2 and 3 
Thermography training conducted on site or at ITC facility. 

Camera accessories, such as close-up and telescopic optics, 
batteries, etc. can be sourced directly from Canadian 
service/sales depot in Burlington, ON. Ask about trade in 
allowances. 


FLUKE. 


FLUKE ELECTRONICS Canada LP 
400 Britannia Rd. East Unit 1 
Mississauga, ON, Canada 
LAZ 1X9 
Toll Free : 1-800-36-FLUKE 
Tel : (905) 890-7600 
Fax : (905) 890-6866 
Contact : Robin Bricker 
E-Mail : canada ? fluke.com 
www.flukecanada.ca 

Fluke Electronics Canada (www.flukecanada.ca) offers 
complete families of professional test tools, including power 
quality, thermography, digital multimeters, clamp meters, insu- 
lation resistance testers, portable oscilloscopes, thermometers, 
process testing equipment and accessories, as well as education- 
al and training resources. A subsidiary of Fluke Corporation, 
Everett, Washington, Fluke Electronics Canada 15 headquartered 
in Ontario. The Fluke brand has a reputation for quality, porta- 
bility, ruggedness, safety and ease of use and Fluke test tools are 
used by technical professionals in a variety of industries 
throughout the world. 
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G.T. WOOD CO. LTD. 
3354 Mavis Road 
Mississauga, ОМ LSC 1T8 
Tel: (905) 272-1696 
Fax: (905) 272-1425 
E-Mail: Isnow @ gtwood.com 
Website: www.gtwood.com/flash/splash.html 

Specializing in High-Voltage Electrical Testing, inspec- 
tions, maintenance and repairs. Refurbishing and repair of New 
and Reconditioned Transformers, Structures, Switchgear and 
Associated Equipment. Infrared Thermography, Engineering 
Studies and PCB Management. 





HIGH VOLTAGE, INC. 
3] County Rt. 7A 
Copake, NY 12516 
Tel: (518) 329-3275 
Fax: (518) 329-3271 
Contact: Stephen Peschel 
E-Mail: sales hvinc.com 

Manufacturers of high voltage test equipment. Products 
include УГЕ (Very Low Frequency) .1Hz./.05Hz./.02Hz. 
Sinewave AC Hipots from 28 kV to 200 kV AC; Tan delta cable 
diagnostics; Controlled Energy Cable Fault Locators with 
Radar, Portable AC hipots for switchgear testing and substation 
apparatus testing to 100 КУ АС, Portable DC 
Hipots/Megohmmeters to 300 kV DC, Aerial Lift Testers from 
120 kV to 300 КУ AC, Oil Test Sets - semi automatic and auto- 
matic with built in printer, High Power AC Dielectric Test Sets 
from 5 КУА to 20 КУА and output voltages to 200 kV AC. 








Hubbell Power Systems 
210 North Allen 
Centralia, MO 65240 
Tel: (573) 682-5521 
Fax: (573) 682-8714 
Contact : Dick Erdel, Advertising Manager 
E-Mail: hpsliterature @ hps.hubbell.com 
Website: www.hubbellpowersystems.com 

Manufactures a wide variety of transmission, distribution 
and substation products. The brands of Hubbell Power Systems 
include Anderson, Chance, Fargo, Ohio Brass, Quazite and 
Polycast. Products include construction, switching and protec- 
tion products, hot line tools, insulators, arresters, pole line hard- 
ware, test equipment, instruments, underground cable acces- 
sories and precast polymer underground enclosures and pads as 
well as trench drain systems. 


HY TEST m MONITORING ш DIAGNOSTICS 


HV TECHNOLOGIES, Inc. 
8515 Rixlew Lane 
Manassas, VA 20109 
Tel: (703) 365-2330 
Fax: (703) 365-2331 
E-Mail: hvsales @ hvtechnologies.com 
Contact: Leo Makowski 
Website: www.hvtechnologies.com 
HV TECHNOLOGIES, Inc., located in Manassas, 
Virginia, is a group member among leading companies in High 
Voltage Test, Diagnostics and Monitoring Equipment. We offer 


a full line of Impulse, AC, and DC test sets, Power Factor 
Bridges and Partial Discharge equipment for use in the lab or 
on-site and technical services to support the product line. 





LIZCO SALES 
К.К. #3 
Tillsonburg, ON N4G 4G8 
Toll Free: 1-877-842-9021 
Fax: (519) 842-3775 
Contact: Robin Carroll 
Website: www.lizcosales.com 
We have the energy with Canada’s largest on-site directory: 
* New and Rebuilt Power/Padmount/Dry Transformers 
* New Oil-Filled “TLO” Unit Substation Transformers 
• New HV S&C fuses/loadbreaks/towers 
* High and low voltage: 
- Air Circuit Breakers — Molded Case Breakers 
- OMQB/fusible switches — Combination Starters 
* Emergency Service and Replacement Systems 
* Design/Build custom Application Systems 


PROTEC INC. 


PROTEC EQUIPMENT RESOURCES 


1517 West North Carrier Parkway 

Suite 116 

Grand Prairie, Texas 75050 

Toll Free: 866.352.5550 

Tel: 972.352.5550 

Fax: 972.352.5553 

Email: customerservice @ protecequip.com 

ProTec Equipment Resources is an independent provider of 
measurement and test rental solutions for electrical testing, 
process calibration, and inspection applications. 


Industry knowledge, equipment selection, equipment prepara- 
tion, extensive in-stock inventory, field support and flexible 
terms give you the ProTec Advantage of Pre-Field Intelligence. 
We deliver what other only promise. 


For more information visit www.protecequip.com 
- | | бетын й E a 
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SCHNEIDER ELECTRIC SERVICES & PROJECTS 


6675 Rexwood Road 
Mississauga, ON LAV 1V1 
Tel: 1-800-265-3374 
Website: www.schneider-electric.ca/services 
Website: www.schneider-electric.ca 

With our international network of service locations and 
qualified experts, Schneider Canada Services provides 24/7 
expertise for managing the life cycle of your entire electrical 
distribution and control systems-startup, commissioning and 


testing, maintenance, and repair/disaster recovery, engineering 
studies and power quality audits, system upgrades and modern- 
ization/end-of-life management programs. 


Thies Electrical 
Distributing Co. 


Thies Electrical Distributing Co. 
43 Hilltop Drive 

Cambridge, ON NIR 1T2 

Tel: (519) 621-2524 

Toll Free: (519) 740-1203 

E-Mail: thiestedcca ? aol.com 
Contact: Eric Thies 

Web: www.djinfo.com/TEDC/ 

Thies Electrical Distributing Co. 15 specialized in Safety 
Devices related to the Electrical Power Distribution. These 
Safety Devices are in accordance with the IEC Standards and to 
the latest state of the art design. 

TEDC has the flexibility to develop products to your 
specifications at the most competitive prices. 

TEDC offers Sales and Technical Services for Electrical 
Industrial Products and can support you as a Manufacturer's 
Representative. 

ТЕРС was established May 25, 1987 in Ontario, Canada. 

Our expertise is based upon the manufacturing of High 
Voltage Apparatus, related designs of Industrial Components 
and in coordination of International Standards. 


EDCA 


1 Select Avenue, Units 15 & 16 
Scarborough, ON M1V 513 






A^ /^ . В.С. HIGH VOLTAGE SYSTEMS LIMITED 
SUBSTATION 


CONSTRUCTION 
to 230,000 Volts 









for 
Commercial & Industrial Institutions 
Clients | 
Municipalities 
Developers 


Provincial Government 
Federal Government 
Utility Companies 
General Contractors 


supplemented by: 
* material procurement, * street and parking lot lighting 
* maintenance, installation and maintenance, 
* training services, * power quality field survey, 
* emergency repairs, monitoring, computer simula- 
* overhead and underground tions and offer solutions to 
distribution construction, power quality problems. 


(416) 754-2666 


fax: (416) 754-4607 e-mail: bert&bg-high-voltage.ca 
www.bg-high-voltage.ca 


High Vollage, Inc. offers the smallest, lightest, reliable, and 
most economical high vollage test equipment available. 


For all your testing needs... HIGH VOLTA 





VLF Patent # US 6,169,406 


Very Low Frequency (VLF) AC Hipots 
Used for high voltage AC field-testing of cables 





Thumpers & Radar 

3 output taps 

5/10/20 kV • 9/18/36 kV 
1000 joules • 1600 joules 


3200 joules 
and generators/motors 400 mA burn 
* Models from 25 kVac - 200 kVac Built in arc reflection filter 
e Load ratings from 0.4uF – 50 uF Radar 


e Sine wave output 
e Tan delta testing option 
e Years of proven design experience 





AC Hipots 

* Nearly half the size of others 

* One piece shielded cable 
output up to 50 kV 

* Most rugged design 

* Guard / Ground circuit 

* Anti-static meters 

* 10 kVac - 300 kVac 


DC Hipot / Megohmmeter 
Twice the power and features — 
smaller size — lower cost 

10 mA continuous duty 
Built in HV megohmmeter 
+/- 196 input line regulator 
Anti-static, transit protected meters 
Durable packaging 

37.5 kVdc - 300 kVdc 








Aerial Lift Tester 
60/120 kVacQ7kVA 
0-200 kVac@6kVA 





Oil Dielectric Testers 
60 kV • 100 kV 





High Voltage, Inc. can serve your needs for testing all types of substation apparatus, aerial lifts, 
and cable. Our VLF technology, AC and DC Hipots, Oil Testers, and 
Fault Locators, all offer superior design and features not found elsewhere. 


HIGH VOLTAGE. 31 County Rt. 7A* Copake, NY 12516 • Tel.: (518) 329-3275 • Fax: (518) 329-3271 * E-Mail: sales@hvinc.com * Web: www.hvinc.com 


VLF HIPOT INSTRUMENTS 





Your electrical installation is the 
nerve centre of your business 














Schneider Canada Services & 
Projects (SCSP) electrical equipment 
maintenance experts can help you 
maximize safety, savings, equipment 
sustainability and adherence to 
standards. 





m Preventive maintenance program 
specific to your facility. 

m 24/7 on-call support. 

m Emergency onsite corrective 
maintenance. 

m Emergency spare parts supply. 





Partner with SCSP and find out how 
you can increase equipment 
availability in your facility today. 


For more information, please call 1 (800) 265 3374 or visit 
www.schneider-electric.ca/services 


Federal Pioneer 


Schneider 
! P Electric 


Schneider Canada Services & Projects 











Forget struggling with bulky, hard-to-use infrared images. 
Invest in the new FLIR T400 infrared imaging camera and make your job easy. 


This camera uses the latest technologies including optics that tilt at the flick of a wrist, an LCD that also serves as a 
touch screen, 4-hour rechargeable battery, and software that makes reporting and documentation a snap. 


Check out these New IR Detector Delivers Four Times FUSION made for combining visible light & IR images 
Е the resolution of Competing Brands Removable SD/Memory Card 
great features: Large 3.5" Full-Colour LCD Rugged Yet Lightweight - Less than 2 165 
Optics head tilts 120° for ease of use Long 4-hour Battery Life 
Microsoft® Compatible, Email Friendly FREE QuickReport Software 
1.3 megapixel visible light camera Touch screen annotating tool 


DETECT hot spots, avoid electrical failures, increase worker safety, and protect building assets now! 
For Electrical, Mechanical & Building Inspections 


To request your FREE demo or to obtain more information call: 









LIR 


SYSTEMS 


The Global Leader in Infrared Cameras 


oF 


Servicing Canada for 47 years 


Canada’ s only InfraRed Imaging and m Coniferent® > Banff - Sept.23- 26. 
Register for a chance to WIN Canada’s newest Professional IR camera! - Niagara Falls - Sunes -5 


1-800-613-0507 x24 (English) or x25 (French) 1 ana iba aeos y P > MT. remblan > May 21-23 
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Power made easy. 





Arc Flash Safety, Device Coordination, and Design Made Easy! 


EasyPower®, the most automated, user-friendly power system software on the 
market, delivers a full lineup of Windows®-based tools for designing, analyzing, 
and monitoring electrical power systems. EasyPower helps you get up to speed 
rapidly, finish complex tasks quickly, and increase your overall productivity. 
Consultants, plant/facility engineers, maintenance personnel, and safety 
managers will all realize increased job throughput and profitability without 
extensive training! Watch our 3 minute EasyPower® video; just go to: 

www. easypower.com/video.html. 


Arc Flash Safety Compliance Made Easy! 
Studies, Work Permits, Boundary Calculations, and More 
EasyPower ArcFlash™ lets you: 

e Rapidly create and implement a comprehensive arc flash program 

e Comply with OSHA, NFPA, NEC®, and ANSI regulations 

e Prevent expensive fines and litigation 

e Reduce risks and improve plant safety 

e Identify all critical PPE levels and clothing needs 

e Prepare efficiently for emergencies 

e Save valuable time and money 





One-Touch PDC and Design Tools Now Available in EasyPower 8.0! 
What used to take hours or even weeks can now be accomplished in seconds. 
Finally, truly automated design and device coordination is here. With 
EasyPower’s one-touch automation, you don’t need to make manual 
calculations or memorize electrical codes. For the first time, even those without 
design experience can complete comprehensive design and analysis tasks. 


SmartDesign™ | Automated Design for Low-Voltage Systems 

EasyPower SmartDesign™ completely automates equipment sizing in the design 
process, saving countless hours of manually rerunning calculations to verify 
code compliance. It also generates comprehensive reports to alert you to 
possible problem areas, giving valuable insight. There’s no need to reinvent the 
wheel with SmartDesign™; just set up your design sheets ONCE, and 
SmartDesign™ does all the rest for you. 


SmartPDC™ | Protective Device Coordination Made Easy 

EasyPower SmartPDC™ fully automates the tedious, labor-intensive work of 
setting protective devices — just highlight an area to coordinate, and one click 
completes the task for you. Intelligent reporting automatically provides a list 
of devices and setting options, with a detailed description explaining each 
setting. It’s like having the industry’s brightest engineers right inside your PC. 


About ESA, Developers of EasyPower 

Since 1984, ESA has redefined the way companies manage, design, and analyze 
electrical power distribution. Our innovative technologies make power system 
design and management simpler, smarter, and safer than ever. We invite you to Download a Free Demo! 
visit www. EasyPower.com for a complete overview of all the powerful options 
available within EasyPower 8.0! 


Power made easy 


intelligent | intuitive | instantaneous Sign up today. 
power system software 





Tap into the power of EasyPower! Download a FREE demo or sign up for a free live, online presentation: 
www.EasyPower.com | 503-655-5059 x35 


